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U n iv e r s i t y  o f  t h e  N i tw a te r s r a n d ,  Jo h a n n e s b u r g , 
i n  f u l f i l m e n t  o f  t h e  r e q u i r e m e n ts  f e e  t h o  d e g re e  
o f  M a s te r  o f  S c ie n c e  i n  E n g in e e r in g .
The w ork r e p o r t e d  i n  t h i s  t h e a i j .  woo o a r n p d  owt hy th e  a u th o r  b e tw ee n  
1980  and  1 9 8 3 . E x c e p t  f o r  th e  p r e p a r a t i o n  o f  t h e  a l l o y a  and th e  
d e t e r m i n a t i o n  o f  t h e i r  t e n c i i e  p r n p e r i  i e n ,  w h ic h  weib do n e  a t  th e  
U n iv e r s i t y  o f  S h e f f i e l d  on  i n s t r u c t i o n : :  from  th e  a u t h o r ,  m ost o f  th e  
w ork  i n v o lv i n g  th e  s c l e n t  io n  o f  th e  a l l o y : . ,  th e  d e t e r m in a t io n  o f  t h e i r  
im p a c t  and  n o i r o ' , on r e s j j d :  ice  p r o p e r t i e s ,  and  th e  i n t e r p r e t a t i o n  o f  
t h e  r e s u l t s  w as p e rfo rm e d  by tn c  a u t h o r .
I n c lu d e d  i n  t h i s  t h e s i s  a r e  t h r e e  s u p p o r t i n g  p u b l i c a t i o n s  c o v e r in g  
v a r i o u s  a s p e c t s  o f  th e  re r -e u ro h  r e p o r t e d  h e r e i n .
The t h e s i s  h a s  n o t b e e n  s u b m i t te d  b e f o r e  f o r  any  d e g re e  o r  e x a m in a t io n  
in  any  o t h e r  U n iv e r s i t y .
l l S f r  d a y  o f  M tL rC k ty 19 A  ■
( i i )
ABSTRACT
The e f f e c t  o f  v a n a d iu m , i n  t h e  c o n c e n t r a t i o n  r a n g e  1 t o  455, a lo n e  and  
i n  c o m b in a t io n  w i th  t h e  o t h e r  s p e c i f i c  a l l o y i n g  e le m e n ts  t i t a n i u m ,  
n io b iu m , n i c k e l ,  c o p p e r , m olybdenum  and o i l  ic o n  (maximum c o n c e n t r a t i o n  
o f  2% e a c h )  w as e x a m in e d  i n  l o w - i n t e r s t i t i a l ,  18% chrom ium  f e r r i t i c  
s t a i n l e s s  s t e e l s  ( C + N  = 84 t o  168 ppm ). T e n t in g  o f  t h e  a l l o y s  
in v o lv e d  d e t e r m i n a t i o n  o f  t h e i r  t e n s i l e  and  to u g h n e s s  p r o p e r t i e s ,  
p a s s i v i t y ,  a n d  p i t t i n g ,  g e n e r a l  and  i n t e r q r a n u l a r  c o r r o s i o n  r e s i s t a n c e .  
V anadium i n c r e a s e d  th e  t e n s i l e  s t r e n g t h  ( e x c e p t  a t  t h e  2.6%  l e v e l ) and  
m a rk e d ly  im p ro v e d  t h e  to u g h n e s s  o f  th e  b e n e  18% chrom ium  a l l o y .  
S t a b i l i z a t i o n  w i th  0.1%  t i t a n i u m  r e v e r s e d  th e  t r e n d  fo u n d  f o r  t h e  
i n p a c t  t r a n s i t i o n  te m p e r a tu r e  i n  t h e  lu C r-V  a l l o y s .  The a d d i t i o n  o f  
n i c k e l  and  c o p p e r  t o  t h e  C r - V - l i  a l l o y s  r e d u c e d  th e  t r a n s i t i o n  
t e m p e r a tu r e ,  w h i le  m olybdenum  a n d  s i l i c o n  r a i s e d  th e  t e m p e r a tu r e  
s l i g h t l y .  V anadium  was fo u n d  t o  h a v e  a  v a r i a b l e  e f f e c t  on  th e  
p a s s i v i t y  i n  IN H -,50^, p r o d u c in g  th e  d e t r i m e n t a l  e f  f e c t  o f  l o w e r in g  
th e  b reakdow n  p o t e n t i a l . M ost o f  t h e  o th e r  a l l o y i n g  e l e m e n t s ,  
p a r t i c u l a r l y  m olybdenum , im p ro v e d  th e  p a s s i v i t y  o f  th e  b a s e  C r - V - T i( - N i)  
a l l o y .  V anadium  r a i s e d  t h e  p i t t i n g  p o t e n t i a l  i n  0 .1N  N aC l, b u t  h i d  a 
d e t r i m e n t a l  e f f e c t  i n  i n c r e a s i n g  w e ig h t l o s s  i n  th e  FeC l-j t e s t .
Molybdenum w as t h e  m ost b e n e f i c i a l  e le m e n t no r e g a r d s  p i t t i n g  r e s i s t a n c e .  
The m ost f a v o u r a b l e  a l l o y  c u r a b i in t i n n  in  r e s i s t i n g  g e n e r a l  c o r r o s i o n  
i n  HNOj, a n d  o x a l i c  a c id  w as I B C r - . iV - T i - l . iN i - lC u .  N one o f  t h e
a l lo y in g  e le m e n ts  was fo u n d  t o  in d u c e  s u s r e p t  i h i l i t y  t o i n t e r g r a n u l a r  
c o r r o s io n  in  th e  S t r a u s s  t e s t  . th e  e f f e c t  o f  th e  v a r io u s  a l l o y i n g  
e le m e n ts  on t h e  m e c h a n ic a l p r o p e r !  m i  m e  i n t e r p r e t e d  i n  t e rm s  o f  
p a r t i c i p a t i o n  a n d  s o l i d  s o l u t i o n  s t r e n g t h e n i n g  phenom ena . T h e i r  e f f e c t  
on t h e  c o r r o s i o n  r e s i s t a n c e  i s  d e te r m in e d  by th e  d e g re e  t o  • h i c h  th e y  
p a r t i c i p a t e  i n  p a s s iv e  f i lm  lo r m a t io n .
( l i i )
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1 . INTRODUCTION
M ust i n d u s t r i a l i z e d  c o u n t r i e s  h n v e  butin fn c e d  w ith  t h e  p ro b le m  o f  
m a t e r i a l s  su l i t i U j t i o n  at, one? tim e  o r  w io L h o r , and  th e  i i u b j c c t  i s  
r e g u l a r l y  d i s c u s o c d  in  l.hc l i f c c r a tu .- o  bc:caii:;ij o f  th e  p o l i t i c a l  
i m p l i c a t i o n s .  T h e re  o r o  many roatidn ;; f o r  e-vrimirnnrj m a t e r i a l s  s u b s t i ­
t u t i o n  w ith  thvi e n p h u a iis  d e p e n d in q  on tht* p ro b lrm u  and  l o c a l  r e s o u r c e s  
o f  th e  p a r t i c u l a r  c o u n i r y .
M olybdenum  i s  w e l l  known f o r  tin? b o m .'H e :in i e f f e c t  i t  h a a  on th e  
c o r r o s i o n  r e u i s t a n c v  o f  u t a l n i o u n  s i i e e lu ,  in  p a r t i c u l a r  t h e  r e s i s t a n c e  
to  p i t t i n g  e n r r o i j iu n  a n d  tn  s u l p h u r i c  a c i d .  T here  a r e  s e v e r a l  f a c t o r s  
w h ic h  f a v o u r  the- d'.-’v .- lo p m m t o f  a  l o c a l  i iu b :> titu t r ;  f o r  m olybdenum , 
t h e s e  b e in g  th e  f n c t  t h a t  i io u th  A f r ic a  mus.L J m p j r t  a l l  h e r  r e q u i r e m e n ts  
o f  t h e  m e t a l , th y  p u s e n t i i i l  r u l e  u f  Lhc m.-l a l  u-J on a l l o y i n g  e le m e n t  
i n  o o r r o s i o n - r i ’a i t t t i n i j  u t t ’e lH  a n d  h iij i;- ts t" ro n ijth  lo w - a l l o y  c t o e l s ,  th e  
h i g h ly  f l u c t u a t  in rj prii.%- o f  ths? m u tu l ,  a n d  l a s t l y  but. p e r h a p s  m ost 
i m p o r t a n t l y , t i n '  a b u n d a n c e  in  SouH> / ' f r i v a  oh t h e  m u ta l  van ad iu m  w h ic h  
i s  ons! o f  th<? m ost pv o m i:u iiij s u b u t  i t u t n : ;  f o r  m olybdenum .
Th'.‘ 1 iU - r n t u io  w in ta in i ;  ‘ir>vcr:il r i - f i - r e n c e i ;  t o  Uv.> f a c t  t h a t  van ad iu m  
im p ro v e s  t h e  p i t t i n g  rc.ilsLani.-c? ( if  ■ i ta in le o o  o t e o l a  (Tomiiahov e t  a l . , 
19 6 4 ; Q i e f e r ,  197U; L i / l o v : ; ,  1974 ; a lu o  u n i'u b lic ih v d  w ork by  The C lim ax  
M olybdenum  C o . ,  USA). A n o th e r  t iu c f u l  p r o p e r ty  n f  v a n ad iu m  when 
co m p ared  t n  m olybdenum  i : ;  th i’ .impi'ovvrrn.-ni i n  im jiacl p r o p e r t i e s  c o n f e r r e d  
on f e r r i t i c  o ta m lK a ? :  s t f e l B  (A u ln n d , l ‘J77 ; C lim ax M olybdenum , 
u n p u b lir .h rad  w o rk ) .
Some o f  t h e  e a r l i e ; ; !  w ork  tin I.he e in - c l  o f  vanad ium  in  s t a i n l e s s  s t e e l s  
way t a r r i e d  o u t  in  (li'rm nny in  obu u l In  I hi* o r i t j i n a l  K rupp p a t e n t
(V>2V) c o w r i n i j  t h r  ir w  nf t i l a n iu M  a s  ;i [ i n - v i 'n ta t iv o  f u r  i n t e r g r n n u l a r  
c u r r n r i iu n ,  van ad iu m  ua.s a l .u i  a n d  i;a:; f la im i 'd  In  h a v e  a s i m i l a r
e f f e c t ,  i.a l.fir i ( ^ ic . in h  hy H i i 'd n r h  and llncli ( l !,"iil), h o w i'v e r , ahoweil 
t h a t  vanadiu.'ii w as m il v e r y  i- f fV r t  i v  in  i n h i h i t  n n ; L n t r r q r a n u la r  
c o r r o a i o n .  (Kuconi. w urk hy L'i im ax M- (unpuh  1 iiih t’d )  i n d i c a t e s
t h a t  a  mifuniiifa e tin rn n l r a t  in n  n f  '  .n  n rd i'i-  t o  p r e v e n t
i n t e r g r n n u l a r  c o r r o n i o n ) .
M ore r e c e n t  r e s e a r c h ,  s i n c e  1 % 4 , h a s  ex am in ed  o t h e r  a s p e c t s  o f  vanadium  
i n  s t a i n l e s s  s t e e l s ,  i n  p a r t i c u l a r  p i t t i n g  c o r r o s io n  a n d , t o  a  l e s s e r  
e x t e n t ,  im p a c t  p r o p e r t i e s .  T c.nashuv cl. a i .  ( 1 9 6 4 ) ,  i n  a  d e t a i l e d  s tu d y ,  
show ed t h a t  th e  p i t t i n g  r e s i s t a n c e  o f  an 18lh--14N i s t a i n l e s s  s t o o l  i n  
0.5M  F e C l j  in c r e a s e d  s i g n i f i c a n t l y  a t  van ad iu m  l e v e l s  above  2%, to  th e  
e x t e n t  t h a t  c o r r o s i o n  w as n e g l i g i b l e  a t t h e  9% l e v e l  ( a s  w as th e  c a s e  
f o r  m olybdenum ). I n  a n o d ic  p o l a r i z a t i o n  e x p e r im e n ts ,  vanad ium  w as 
fo u n d  t o  i n c r e a s e  t h e  p i t t i n g  p o t e n t i a l  in  NaH] and  HC1 s o l u t i o n s .  
V anadium  a l s o  had  a b e n e i i c i a l  n f i 'e c i  on th e  a n o d ic  p o l a r i z a t i o n  
b e h a v io u r  in
B i c f e r  (1 9 7 0 )  e x am in e d  th e  e t r e n t  n l van ad iu m  m  a f e r r i t i c ,  Type 43 0 , 
s t a i n l e s s  s t e e l .  A lih u u g h  th e  maximum c o n . - e n t r a t i u n  s t u d i e d  w as o n ly
2 .;:% , t h e  p o s i t i v e  e f f e c t ; -  n f  van ad iu m  in  r e d u c in g  c o r r o s io n  in  HC1 
a n d  HgSO^, and  in  i n c r e a s i n g  th e  p i t t i n g  p c i lp i i t i a l  a t  t h e  2.2%  l e v e l ,  
w ere  n o t e d .  In  f e d  5 th e  e n r n i s . u n  r a h i  was re d u c e d  s l i g h t l y ,  b u t  in  
HIMOj th e  r a t e  i n c r e a s e d  by a p f in i x i i . i t e ly  1011’i .
O th e r  w o rk e rs  h a v e  n o te d  t l i e  b e n - l  i c i a l  e f f e c t ,  o f  v a n ad iu m . A slund  
(1 9 7 7 )  fo u n d  a  s y n e r g i s t i u - e f f e e t  h id  ween van ad iu m  a n d  t i t a n i u m  in  
in c r e a s i n g  th e  p i t t i n g  p o t e n t i a l ;  h r  a l s o  n o te d  t h a t  vanad ium  lo w e re d  
th e  d u c t i l e - t o - t i r i t t l e  t r a n s i t i o n  to m u e r n fu n -  s i g n i f i c a n t l y .
U n p u b lis l ie d  w ork by f l i m x  M ulyhdeivrn h a s  show n th a t,  vanad ium  im p ro v e s  
t h e  c o r r o s io n  r e s i s t a n c e  o f  VI and  24", chrom ium  s t a i n l e s s  s t e e l s ,  
a l th o u g h  n o t  t o  th e  n-ime e x t e n t  i-n a  t v u i t jh l - f u r - w e iy h t  b a s i s  a s  
m olybdonum . tJlim ax  Molyhiiervim , ... r e p u r t e d  f h e  i i o n c f i e i o l  e f f e c t  o f  
v a n ad iu m  in  r e d u c in g  th e  im pact t i t  i o n  te m p e r a tu r o ,  e s p e c i a l l y  
a f t e r  w e ld in g .
The p r im a ry  n b je o l  iv e  u l t.he  p r e  r - d  c , , \ . |  i i ja t m n  wan to  e x am in e  th e  
e f f e c t  o f  van ad iu m  on th e  m e c h a n ic a l n r n p c r f i r n  and  c o r r o s io n  r e s i s t a n c e  
o f  f e r r i t i c  s i  a in ln - .n  • . l o c i .  At I h "  p v e s- 'id  I in,a th e  m ost w id e ly  u se d  
m o ly b d e n u m -b e a rin g  f e r r i t i n  s l . u n l e . s  s t e e l  i s  tin  s o - c a l l e d  s u p e r -  
f o r r l f i c ,  Type 4 4 4 , an  V lCr-ZI to f 11 a n iu m -s l a lii  1 i.a -d  a l h i ) .  A lo w -  
i n t e r s t i t i a l ,  U)"', r iirnm ium  t i a s e - a l l o y  was u s e d  m  t h i s  s lim y  s o  tfm l 
t h e  e f f e c t : ;  o f  v a n ad iu m  c o u ld  be  com pared  by n T e r e n c e  to  th e  d e t a i l e d  
r e s u l t s  r e p o r t e d  hi Ih n  I i l e r a l u r c  f o r  I h e  m olvbde iium -bear in g  Type 4 4 4 .
5.
In  a d d i t i o n  t o  fcho s tu d y  o f  a  s t r a i g h t  F e -C r-V  a l l o y ,  t h e  e f f e c t  o f  
c o m b in a u io n s  w i th  o th o r  olom en" ;i r-uch qu n i c k u l ,  s i L i c o a ,  c o p p e r  and  
m olybdenum , e a  w o l l  n s  a t a b i l i z o t i u n  w i th  t i t a n i u m  and n io b iu m , was 
a l s o  exam in e d  in  an  a t t e m p t  l o  imnrovi.: on Lho m nm  d c f j c io n i .  p r o p e r t i e a  
o f  f e r r i L i c  s t o i n l u a r ,  o t o r l s ,  1 > , tjiviuvjpt i b i i i I : y  to  wtdcJ d e c o y , 
p o o r  r e s i s t a n c e  t o  r e d u c in g  a e id i i ,  a n d  h iij l, d u e l i l e - t o - b r i t t l e  
t r a n s i t i o n  te m p e r o lu r e .  A t o t a l  o f  o ix L u o n  v a n a d iijm -b u a r in y  a l l o y s  
w ere  p r e p a r e d  and  e x p e r im e n ta l  t .v i i t in g  i t iv o lv c d  d i.- t.e rtn in u tio n  o f  t h e i r  
t e n s i l e ,  im p a c t , p .U .tin y  onu  . • r e s i s t a n c e  p r u p e r t i e a .
In  a d d i t i o n  to  t h e  a tu rly  oF n i it rn irji iL  F e -T r-V  n l l o y ,  !.he e f f e c t  o f  
c o m b in a t io n s  w i th  o t h e r  d e m o n U ; wucli au n i c k e l ,  s i l i c o n ,  c u p p e r  and  
m olybdenum , a s  w e l l  fvs 3 l.a b i l i / . ' t t  in n  w i th  t i t a n i u m  and  n io b iu m , was 
a l s o  e x am in e d  in  an  a t t e m p t  t o  irnp ruve  nn th e  niort* d c F ic io n L  p r o p e r t i  
o f  f e r r i t i c  s ta in l r i u f ;  o t o r l o ,  nrw ii;Iy , l iim c L 'p i.ip il ih y  t o  w eld  d tje ay , 
p o o r  r . ' s i s t a n c e  t o  r e d u c in g  a c id i i ,  and  h ig h  d c t i l n - t o - b r i t t l c  
t r a n s i t i o n  tp m p t ;r a V ir c .  A t u t a l  u f t i i x lu c n  v a nac iiu .n -bL 'o riny  a l l o y s  
w ere  p r e p a r e d  and  e x p iT im c n ta l  ! r u t  in q  in v r jlv o d  d u L p n u in a t io n  o f  t h e :  
t e n s i l e ,  im p a c t ,  p i t t i n g  a n d  ( |f n c r , i l  u u r r o s i n n  rc iii 'A .-in co  p r o p e i t i o u .
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s t e e l s  do n o t  u n d e rg o  p h a a e  t.r n n u f 'u r m a t io n , c o ld  w ork and  a n n e a l in g  
o r e  th e  o n ly  M eans o f  c o n t r o l l i n g  t h y i r  s tre n c jL h  a n d  g r a i n  s i z e .  
S e v e r a l  m e t a l l u r g i c a l  r e a c t i o n s  c an  e m b r i t t l e  f e r r i t i c  s t a i n l e s s  
s t e e l s  w ith  t h e s e  b e in g  divj.liiCJ i n t o  th o a o  c o n t r o l l e d  by e i t h e r  
i n t e r s t i t i a l  o r  s u b a t i t u t i o n n . l  v lu tu t-n t:;.
T hose  r e a c t i o n s  w h ic h  in v o lv i ;  i r i l i : i  j t i t i a l  e le m e n ts  u s u a l l y  o c c u r  
r a p i d l y  and  in f lu e i .c t*  o h o r t-L u r rn  p ro cc au e s : su c h  <vi w e ld in g  and 
c o n t in u o u s  a n n e a l in g .  R e a c t io n s  in v o lv i n g  th e  p r e c i p i t a t i o n  o f  
i n t e r r a e t a l l i c  p h a s e s ,  on t h e  o t h e r  h;in<i, w hiu ii o c c u r  a t  lo w e r  
t e m p e r a tu r e s  v id  o v e r  lo n g  p e r io d c  a r e  inovr im p o r ta n t  d u r in g  h o t -  
w o rk in g , c o i l i n g  and  e l e v a t e d  -  le n ip e r u tu r e  e x p o s u re .
2 .1 .  C arbon  a n d N i t r o gen
Many o f  th e  p r o p e r t i e s  u f  f e r v i t  i e  s i t a in l e s ;^  u t e e l s  su c h  o s  
d u c t i l i t y ,  to u q h n e s 'i  am i i n t e r i j r a n u h i r  c o r r o s io n  a r e  d e te r m in e d  to  
a l a r g e  e x t e n t  by thi? am ount o f  c a r b u n  rind n i t r o g e n  p r e s e n t .  The 
p h a s e  d ia i j r a n  o f  th e  i r u n - c h n m t m  s y s t e n  (f i g u r e  2 .1 )  show s t h a t  
f e r r i t e  w h ic h  f o r n a  From t h e  l i q u i d  i n  an  111% chrom ium  s t e e l  d o e s  n o t  
u n d e rg o  a p h a s ?  I r n n 'i f o r m n t in n  on c o n t in u e d  c o o l in g .  The gamma 
r e g io n  in  the? I ro n -c h ru m iu in  -u>ul !■» i s  e x p an d e d  by th e  a d d i t i o n  o f  
e le m e n ts  s u c h  a s  c a r b o n  and  n i t r o . p n  tn u s  e x ic -n d in g  th e  r a n g e  o v e r  
w h ic h  a u u t c n i t e  c an  Form t- t  lii ;!i h ir iip i 'i- itu rn s  ( F ig u r e  2 . 2 ) .  I t  can  
b e  iie cn  t h a t  an  IB 'i chrom ium  s t a i n l e s s  s t e e l , su c h  a s  Type 430 w h ich  
t y p i c a l l y  c o n t a i n s  0 .  l?o' c o m b in ed  c a r b o n  a n d  n i t r o g e n ,  i s  no  lo n g e r  
c o m p le t e ly  f e r r i t i n  b u t t r a n s fo r m : ;  p a r t  i a l l >  t o  a u s t e r i i t e  a t  h ig h e r  
t e m p e r a tu r e s .
The F o rm a tio n  o f  a u s t e n i t i '  in  i e r r i t i e  a m L e sr ; s t e e l s  when e x p o se d  
t o  h if jh - te i ip e r a t i iv i 'S  tliu n  d e p e n d s  on I h e  cnviipnsi t io n  o f  th e  a l l o y  
a n d  Win r a t e  a t  w h ic h  i f  h; n u o lc 'f .  W hr- 'f ih tT N  anil L il ly . '}  (1 9 5 4 )  
h a v e  show n ( h a t  tlv* (iiH'ni h irv j >il a  17”o vlinirimjin a l  Iny  w h ich  c o n ta in e d  
a u s le n iL e . r i - s u i tu d  in  I lie  fo rm il  io n  oF mrn-f e n n i t  e , h u t  t h a t  t h i s  
trari'.-Form af.Xdfi ( litI a n t in -ca r  tWwvi I h r  nhrum ium  Jev .-)  w as i t i r r e a s e d  
to  2'>%. In  th e  r a s e  uF w eldm l 17"v and  21"^ I'hruiiiium a l l o y s ,  L ena e t  
a l .  ( I  In u n d  mai I e rv n  I e  in  i lie 1 i% a l ln >  and  a u s l  e tu  t r  m  th e
21?i a l l o y .  Ih /tn i' r i n u l l n  nfjov; Ih .il u n h 'm p e r i 'i l  m a r t e n s i t v  c a n  c a u s e
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f i g u r e  2 .1 .  Iro n -v h ru m iu in  p h n se  ili ; i j r 'i ia  uhuv.inr.) th e  l i i B t r i b u t i o n  
o f  I ilp h r i, cjnmi:;.! a n !  c i- ip 'i  p h a u n u . (fro m  Oomo, 1 9 7 7 ) .
CHROMIUM, %
e m b r i t t l e m e n t  i n  c o n v e n t io n a l  F u r r : t i c  s t a i n l c n o  u t c e l a  and  h e n ce  
e x p l a i n s  t h e  a n n e a l in c j  p r a c t i c e  and  Lhu nn ed  For p o o t- w e ld  h e a t  
t r e a tm e n t  i n  t h e s e  a l l o y s .  The r e t e n t i o n  o f  . - ju s le n i te  i n  w e ld s  i s  
b e n e F i c i a l  a s  r e g a r d s  d u c t i l i t y  b u t  c an  i n c r e a s e  s u s c e p t i b i l i t y  to  
i n t e r g r a n u l n r  c o r r o s i o n .  A n o th e r  p ro b le m  a s s o c i a t e d  w i th  a u o t e n i t e  
o c c u r s  when th e  a l l o y  i s  h e a te d  to  h ig h  te m p e r a tu r e s  and  a u s t e n i t e  
t r a n s f o r m s  to  m n r to n s i t e  by th e  r e j e c t i o n  o f  c a r b o n .
2 . 1 . 1 .  T o u g h n e s s . Thu to u g h n e s s  c h a r a c t e r i s t i c s  o f  18% chrom ium  
f c r r i t i c  s t a i n l e s s  s t e e l s  d e p en d  l a r g e l y  on th e  ty p e  and  am oun t o f  
p r e c i p i t a t e  fo rm ed and  th e  g r a i n  s i z e .  The e f f e c t  o f  c a r b o n  and 
n i t r o g e n  on  th e  d u c t : l a  -  t o  -  b r i t t l e ;  t r a n s i t i o n  t e m p e r a tu r e  h a s  b e e n  
e x a m in e d  in  d e t a i l  i n  ra,j;>y p u b l i c a t i o n s  ( b in d e r  and  S penrJelow , 1951; 
Sem chyahen a t  n l . ,  1971 ; P lu iiit ro o  and G u l ib e r g ,  1974 ; P o l l a r d  
1 9 7 4 ; G rubb and  V,’r i g h t ,  1 9 7 9 ) . b u r ly  w ork (K r iv o b o k , 1935) a p p e a re d  
to  show th a t  n o tc h  s e r u H  iv i  ty  d i'p o n d ed  l a r g e l y  on th e  am oun t o f  
chrom ium  p r c o u n t  b u t i t  v .as ohuv.n su b s u g u c n t  ly  ( r c F c r e n c e s  a b o v e )  
t t i a t  i n t e r s t i t i a l  n '  - - .u n t s ,  p a r t i c u l a r l y  c a r b o n ,  n i t r o g e n  and  o x y g e n , 
o r e  t h e  c o n t r o l l i  - s .  I t ic  u ic j r u f ic - m t  e f f e e t  o f  t h e  i n t e r ­
s t i t i a l  l e v e l  on  ; . b e h a v io u r  o i a n n e a le d  iru n -c h ro m iu m
a l  to > s  w as o n ly  r o v t  . .  wfiun v .uxium  r - e l t in - i  l u c h n iq u t ^  w ere
d e v e lo p e d  and  e n a b le d  u l J o y s  w i th  v e ry  low  i n t e r s t i t i a l  l e v e l s  t o  be  
p r o d u c e d .
K riv o b o k  show ed t h a t  im pact s t r e n g t h  itc c rc u .sv d  s h a r p l y  when th e  
chrom ium  l e v e l  fx c t-u d o d  l(w  in  a i r - m e  1 l e d  a l l o y s ,  w tie re n s  H in d e r  
a n d  S pendu lo '.; Found t h a t  U u c  d c c r e .u in  in  s t r e n g t h  i n  t h e  c a s e  o f  
v a c u u m -m e lte d  a l l o y s  o c c u r r e d  a b o v e  a chrtv .iium  l e v e l  o f  35%. The 
m a in  r e a s o n  For t h e  d  i f S U 'cncc  b i t  wr'ei, t h e  a i r - a n d  v .ic u u m -m elted  
a l l o y s  i s  now known to  b e  r e l a t e d  t o  tin -  amount o f  c a rb o n  and  
n i t r o g e n  p r e c i 'n t .  f i g u r e  2 .5 ,  From h in d e r  ind  Spende luw  ( 1 9 5 1 ) ,  
show s th a t  I ho c .artion  a n d  n i l  ru g o n  l e v e l s  n e c o s s n r y  f u r  a c c e p ta b l e  
room tem pc '-o i ui'i: inipnct r e s i s t  a n r e  d r o r - 'u s e  s u |u i  f i e a n t  1 y a b o v e  a 
chrom ium  l e v e l  til  ; ilrni! ! 7%. (b n  h n -  r e s i s t a n c e  fuum l by
K riv o b o k  f u r  a l l o y . ;  c e n t a in in g  m ure 1 ban  li/'o ehvomium i s  n o t c a u s e d  
by chrom ium  i t s ' - l f  tin t by  I lie  h ig h  in i e r s t  i!  i n i  l e v e l s  w h ic h  a r c  
c h a r n c t .o r i s l  i c  of n i r -m e l I s t e e l s  .
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f i g u r e  2 .3 .  Itn - in f lu v n u u 1 oT c a r l io n  and  n i t r o g e n  on t h e  to u g h n e s s  
o f  i r o n -c h ro m iu m  a l l o y u .  The p l o t t e d  p o in t s  r e p r e s e n t  
a J lo y s  h a v in g  a n  im p a c t  v a lu e  o f  100  J o u l e s ,  th o s e  
w ith  opt-n c i r c l e y  b e in g  b e lo w  room  te m p e r a tu r e ,  th o s e  
w ith  s o l i d  c i r c l e s  b e in g  a b o v e  room  te m p e r a tu re ,
( ‘J in d e r  a n J  G pontle lov ,, 1 9 M ) .
A n o th e r  v a r i a b l e  a f f l i c t i n g  t h r  to u g lv in u ii c h a r a c t e r i s t i c s  o f  f c i r i t i c  
s t a i n l e a a  s t e e l s  i n  h o o t  t r u u tm o n t . The i n f l u e n c e  o f  h e a t - t r e a tm e n t  
a rid  t h e  c a rb o n  m < in ilr o i j i 'i t  l<?vul on t h r  im jjnct p r o p e r t i e s  o f  17?o 
c hrom ium  a l lo y u  i n  ohuwn in  f 'ic ju re  2 . 4 .  The t r a n s i t i o n  te m p e r a tu re  i s  
found  t o  d u c rr u u n  v a lh  t h e  c a r b o n  c o n te n t  f o r  b o th  c o n v e n tio n a l  
(B 15‘, C) a n d  (ui]h-(.r;mp(T.-<taz-f’ (J 5 W nr )  liim l - I  rM itm cnU i u ltlm u q h  th e  
e f f c c t  its  m u if p ro im n n c cd  in  t h e  a l l o y s  t h a t  h a v e  r e c e iv e d  th e  h ig h -  
le m p e ra t.u re  t r e a t m e n t .  Whrn n i t r o g e n  i s  t h e  i n d u p r n d r n t  v a r i a b l e ,
Ltio d e t r i m e n t a l  o l fi-i.i i s  c v id c n i  a n ? y  j i i  I lio a i' a l l o y s  t f ia t  ho v e  b e en  
o u b je e L a d  I n  t h f  hjfjhi.-r t.cm iperiil.u re. I t i i s  c f f o c t  w ould  b e  s i g n i f i c a n t  
i n  w e ld in g  indiuN it inej t haL f e r r i t i c :  i iL a in l i ’Si; s s le e la  r e c ju i r e  c l o s e r -  
i n t e r s t i t i a l  c o n t r o l  th a n  t h a t  s u ( |: |, ': : t t id  by tiin d c fr  ctftd S pondcjow  (1 9 5 1 )  
i n  o r d e r  t v  h a v e  ip u i!  a s-w i'ld i- i!  t  euqhtinsm  p r u p o r L i f s .
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F ig u re  ? . 4 .  In p ac !; t r a n s i t i o n  h e n p e r a tu r e  c u rv e s  f o r  q u a r t e r - s i z e
2 .1 .2 .  W e ld a b i l i t y . The l a r g e s t  s i n g l e  d raw back  to  t h e  more w ide ­
s p r e a d  u se  o f  f e r r i t i c  s t a i n l e s s  s t e e l s  i s  th e  r e d u c t io n  i n  c o r r o s io n  
r e s i s t a n c e  and d u c t i l i t y  t h a t  o c c u r s  f o l lo w in g  e x p o su re  t o  th e  h ig h -  
te m p e r a tu re s  o f  w e ld in g . O th e r  h ig h - te m p e r a tu re  e f f e c t s  su c h  en 475°C 
and 6 -p h a se  e m b r i t t l e m e n t  a r e  l e s s  s i g n i f i c a n t  p ro b lem s s in c e  th e y  
o n ly  o c c u r  o v e r  r e l a t i v e l y  lo n g  p e r io d s  and a t  m o d e ra te  te m p e r a tu re s .  
U n le s s  a s t a i n l e s s  s t e e l  h a s  good d u c t i l i t y  and  s t r e n g t h  (and  
c o r r o s io n  r e s i s t a n c e )  i n  t h e  a s -w e ld e d  c o n d i t i o n ,  i t s  a p p l i c a t i o n  a s  
a c o n s t r u c t i o n a l  m a te r i a l  i n  t h e  c h e m ic a l p r o c e s s  i n d u s t r y  becom es 
v e ry  l i m i t e d .
As in  th e  c a s e  f o r  to u g h n e s s ,  th e  i n t e r s t i t i a l  e le m e n t l o v e l  h a s  a 
do m in a n t e f f e c t  i n  d e te r m in in g  good a s -w a ld e d  d u c t i l i t y  i n  f e r r i t i c  
s t a i n l e s s  s t e e l s .  Semchyohen e t  a l .  (1971 ) exam ined  th e  e f f e c t  o f  
c a rb o n  and n i t r o g e n  on th e  t e n s i l e  p r o p e r t i e s  o f  a u to g e n o u s ! /  w elded  
18Cr-2Mo s t a i n l e s s  sfcee.Z a n d  found  t h a t  c a rb o n  a n d  n i t r o g e n  ( i n  th e  
com bined  ra n g e  50 -400  ppm) had  l i t t l e  c F f e r t  on th e  t e n s i l e  p r o p e r t i e s  
o f  th e  p a r e n t  a l l o y  in  th e  a n n e a le d  c o n d i t io n  (B lf^ C ) . In  t h e  c a s e  o f  
th e  w elded  m e ta l , ho w ev e r, i t  wan fuunc, t h a t  w old d u c t i l i t y  d e c r e a s e d  
s i g n i f i c a n t l y  when e i t h e r  th e  c a rb o n  o r  n i t r o g e n  l e v e l  ex ce ed e d  
100 ppm. T b ie ls c h  (1 9 5 ))  s u g g e s te d  th .-it th e  i n c r e a s e  i n  o s -w e ld e d  
s t r e n g t h  w ith  . in c re a s in g  i n t e r s t i t i a l  c on ton i. i n d i c a t e d  t h a t  c a rb o n  
and n i t r o g e n  w ere  b e in g  ta k e n  i n t o  s o lu t io n  a t  h ig h  te m p e r a tu re s  
w hore th e y  im peded  p l a s t i c  flow  in  r a p id l y  c o o le d  w eld m e ta l .  The
C harpy  V -n o tch  sp e cim en s o f  17% chrom ium  f e r r i t i c  
s t a i n l e s s  s t e e l s  asi a  f u n c t io n  o f  c a r b o n -c o n te n t  and 
h e a t  t r e a tm e n t .  (Semchyohen e t  ' A . ,  1 9 7 1 ) .
11.
v a r io u s  m ech an ism s p ro p o s e d  t o  e x p l a in  Lhc r o o ic t a n c e  t o  p l a s t i c  
f lo w  ( S te ig e r w a ld  e t  a l . ,  1 9 7 7 )  n ru  a l l  c o m p a tx h lc  w ith  th e  f a c t  t h a t  
d u c t i l i t y  c an  b e  r e s t o r e d  by a n n e a l in g  a t  te m p e r a tu r e s  (70G -900°C ) 
w h ic h  a l lo w  th e  a g g lo m e r a t io n  o f  c a r b id e : ;  and  n i t r i d e s .
C o a rse  g r a i n  s i z e  i n  o n ly  one: o f  a  num ber o f  f a c t o r s  c o n t r i b u t i n g  t o  
th e  r e d u c e d  to u g h n u n n  o f  f c n - i L i e  s t a i n l e s s  s t e e l s  when e x p o se d  to  
h ig h  t e m p e r a tu r e s .  I n  an  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  o f  c o m p o s i t io n  
and  h e a t  t r e a tm e n t  on th e  im p a c t r e s i s t a n c e  o f  26C r-lM o a l l o y s ,
D undas (1 9 7 7 )  fo u n d  t h a t  a n n e a l in g  at. 8!>U"C ( a f t e r  a  IZOV'C a n n e a l  
w i th  h e liu m  c o o l in g )  f o l lo w e d  by w a te r  q u e n c h in g  lo w e re d  th e  t r a n s i ­
t i o n  t e m p e r a tu r e ,  ov en  th o u g h  th e  g r a i n  s i z e  d id  n o t  c h a n g e .
P re su m a b ly  th e  s e c o n d  h e a t t r e a tm e n t  c a u s e d  p r e c i p i t a t i o n  o f  th e  
c a r b o n  and  n i t r o g e n  t r a p p e d  in  s o l u t i o n  when th e  a l l o y  w as r a p i d l y  
c o o le d  fro m  12Q!>"C.
2 . 1 . 3 .  I n t e r g r a n u l a r  C o r r o s io n . A n o th e r  p r o p e r ty  t h a t  i s  i n f lu e n c e d  
by c a r b o n  and  n i t r o g e n  i s  r e u i s l  a n c c  t o  i n t e r g r a n u l a r  c o r r o s io n .
The m echan ism  o f  i n t e r g r a n u l a r  c o r r o s io n  i s  t h e  same i n  b o th  f e r r i t i c  
and  s u s t e n i t i c  s t a i n l e s s  s t e e l s ,  n a m e ly , t h e  p r e c i p i t a t i o n  o f  
chrom ium  c a r b i d e s  and  ( i n  th e  c a s e  o f  f e r r i t i c  s t a i n l e s s  s t e e l )  
n i t r i d e s  a t  t h e  g r a i n  b o u n d a r ie s  lo a d in g  to  l o c a l  d e p ic t  io n  o f  
chrom ium  and  h e n c e  d e c r e a s e d  c o r r o s io n  r e s i s t a n c e .  P r e c i p i t a t i o n  can  
b e  c a u s e d  by a  s e n s i t i z i n g  h e a l  I r e a l  m e n ! , su c h  a s  o c c u r s  d u r in g  th e  
w e ld in g  p r o c e s s .
T h is  ty p e  o f  c o r r o s i o n  i s  morn o f  u p ro b le m  in  f e r r i t i c  th a n  a u s t e n i t i c  
s t a i n l e s s  s t u d s  b e c a u s e  o f  t h e  low s n l u b i l i l y  o f  c a r b o n  and  n i t r o g e n  
xn th e  f e r r i t e  l a t t i c e .  Thu a u s l o m l e  l a t t i c e  c an  r e t a i n  c a rb o n  and 
n i t r o g e n  i n  s o l u t i o n  to  r d n t i v d y  low te m p e r a tu r e s  s o  th a t  e a s i l y  
o b t a i n a b l e  c o o l in g  r a l e s  c a n  s u p p r e s s  p r e c i p i t a t i o n  c o m p le t e ly .  
P r e c i p i t a t i o n  r e a c t i o n s  in  f e r r i t i c  a l l o y s  o c c u r  aI h ig h e r  
lu m p e r a c u re s  and  p - o e u e d  s o  r a p id l y  th a l  i t  i s  v e ry  d i f f i c u l t  t o  
o b t a i n  a  fnot. eno u g h  q u e n c h  I n  p re v e n t  p r e c i p i t a t i o n .
I n t u r g r a n u i a r  c o r r o s io n  c an  b e  m in im ise d  o r  e l im in a t e d  by r e d u c in g  
th e  i n t e r s t i t i a l  c le m e n t  l e v e l . As show n in  T a b le  2 . 2 , 1 h e  h ig h e r  th e  
c h io n u : :ii l e v e l  th e  h ig h e r  I lie  n il  e r s i  i I m l  e lem e n t l e v e l  th a t  c o n  be
a c c e p te d  w i th o u t  i n i t i a t i n g  i n t e r g r a n u l a r  c o r r o s i o n .  I t  s h o u ld  Be 
n o te d  t h a t  t n l e r a n e c b  f a r  w e ld  d u c t i l i t y  and  r e s i s t a n c e  t o  i n t e r -  
g r a n u la r  c o r r o s io n  v a r y  i n v e r s e l y  w i th  r e s p e c t  t o  chrom ium  , s v e l .
A t lo w  chrom ium  l e v e l s ,  r e o i a t a n c u  to  i n t e r g r a n u l a r  c o r r o s i o n  i s  th e  
f a c t o r  d e te r m in i n g  a c c e p ta b l e  w e l d a b i l i t y j  a t  h ig h  chrom ium  l e v e l s ,  
a s -w e ld e d  d u c t i l i t y  i s  t h e  l i m i t i n g  f a c t o r .
T a b le  2 . 2 .  C arbon  a n d  N i t r o g e n  L uv u lu  R uc ju ircd  to  P ro d u c e  Good
A s-W elded  D u c t i l i t y  and  C o r r o s io n  R e s is t a n c e  in  F e r r i t i c  
S t a i n l e s s  S t e e l s .  (Demo, 1 9 7 4 )-
____________________ (C + N> .ppm  ,  , s
Chromium (%) F o r  I n t e r g r a n u l a r  C o r r o s io n  Hns i s t a n c e  ^ ' F o r  D u c t i l i t y 1 '
19
(b )  I n te r c jra n u li i i -  uo
( c )  No c r .ic k iru ]  oIjs i- rw! , 'i f t o r  licn.Jini
■i h o i l J n q  f e 2 (S 04 ) 3- 5 0 «  H^SO^. 
ro u n d  b mm r o d .
From th e  u h s c u s n in n  jo  f: >t i s  c l e a r  t h a t  th e  i n t e r s t i t i a l  e le m e n t
l e v e l  i s  t h e  s i n g l e  mo:;t im p o rta n t. F a c to r  t o  be c o n s id e r e d  i n  t h e
d e s ig n  oF F e r r i t i c  G ta in l tv in  n te m ju  i f  yood  to u g h n e s s  and  w e l d a b i l i t y  
i s  t o  b e  o b t a in e d .
2 .2 .  S t a b i l i ^ a t i a n
S in c e  i t  i a  u n e c o n o m ic a l .b i.-n rin r] i n  m ind r u r n - n t  a t n i n l n a s  s t e e l  
r e f i n i n g  te c h n a lo r jy ,  t o  lo w e r  th e  c a r b o n  and  n i t r o g e n  l e v e l s  
o u F F ic i e n t ly  t o  [ j r e v e t i t  I hr: ha rm F u l t- 'F e c - t s  of" c a r b id e  and  n i t r i d e  
p r e c i p i t a t i o n  ( a  maximum com bined  c a rb o n  a n d  n i t r n q n n  l e v e l  o f  
00 ppm w ould  b e  req n L ro rl in  V)% riirum iiini a t  l o y u ) ,h i  |h r r  l e v r h ;  
m u st b f  a c c c p to d  in  p r a c t  i n * .  Oric iiielhm l oF cnnl r o l l i i h )  i n t e r s t i t i a l
p r e c i p i t a t i o n  i s  t o  mid f-h iim in l>; ttu i l  ru-c :;lr< tnc|i-r in  fu n n iiu ]  c a r b id e s
a n d  n i t r i d e s  I linn ch rnnm im , iiiich n:; I ' 1 a ru n m , n iu b iu m , ,- ir c o n iu m  
and  t a n ta l u m . Anol h e r  nvl.lind i s  In  'idd  low fu n riT ii r a t  itin u  oF s r l e c t e d  
e lu m e n tn  w ith  a  I.urn it:  r a d i i  w i th in  ] '/! , o f  th .il  uf" t h e  a lp h a  m a t r ix .
The iriFFects oF b o th  tlir-:.o  m rdJiods u f  s t.i ih i I i / n l  in n  w i l l  now be 
c o n s id e r e d .
2 .2 .1 .  T i ta n iu m  a n d  N iobium  S t a b i l i z a t i o n . T ita n iu m  i s  m ost 
f r e q u e n t  • u s e d  i n  t h e  s t a b i l i z a t i o n  o f  s t a i n l e s s  s t e e l s  b e c a u s e  i t  i s  
i n  p l a n t .  . s u p p ly  and  t h e r e f o r e  c h e a p e r  th a n  a l t e r n a t i v e s .  N iobium  
i s  som etiir, ■ u o i e r r e ; ' .  a l th o u g h  i t  i s  m ore e x p e n s iv e  t h a n  t i t a n i u m .
E a r ly  w ork  by L u la  d  a l .  (1 9 6 4 )  show ed t h a t  t i t a n i u m  a n d  n io b iu m  
w ere  n o t  c o m p le t e ly  e f f e c t i v e  i n  p r e v e n t in g  s e n s i t i z a t i o n  i n  a l l o y s  
t h a t  h a d  be en  h e a te d  t o  h ig h  t e m p e r a tu r e s .  T h is  was s u b s e q u e n t ly  
fo und  t o  o c c u r  o n ly  d u r in g  t e s t i n g  f o r  i n t o r g r a n u l a r  c o r r o s io n  in  
h ig h ly  o x i d i z i n g  m e d ia , a n d  when n i t r o g e n  was n o t  c o n s id e r e d  i n  t h e  
s t a b i l i z a t i o n  c a l c u l a t i o n s ,  t i t a n iu m  c a r b o n i t r i d e  i s  now known to  be 
a t t a c k e d  i n  s t r o n g l y  o x i d i z i n g  t e s t  s o l u t i o n s ,  su c h  a s  b o i l i n g  
c o n c e n t r a t e d  n i t r i c  a r i d  (Rond a n d  L iz lo v s ,  1 9 6 9 ) .  N iobium  -  
s t a b i l i z e d  a l l o y s ,  i n  c o n t r a s t ,  o r e  n o t  a t t a c k e d  u n d e r  t h e  same 
c o n d i t i o n s .
The am ount o f  s t a b i l i z a t i o n  r e q u i r e d  t o  p r e v e n t  i n t e r c j r a n u l a r  
c o r r o s io n  i n  s t a i n l e s s  s t e e l s  v a r i e s  w i th in  n a rro w  l i m i t s  ( e . g .  
Scm chyshsen  e t  a l . ,  19 7 1 ; W r ig h t . 19 7 1 ; P o l l a r d ,  197 4 ; D a v is  e t  a l .  , 
1 9 8 0 ) . I n  g e n e r a l ,  t i t a n i u m  a d d i t i o n s  o f  6-10(C +N ) a r e  r e q u i r e d  to  
p r e v e n t  i n t o r g r a n u l a r  c o r r o s i o n ,  w h i le  f o r  n io b iu m  th e  f i g u r e  i s  8 -1 0  
(C+N ). Bond a n d  D undos (1 9 7 5 )  h a v e  s t u d i e d  th e  e f f e c t  o f  s t a b i l i z a t i o n  
i n  l o w - i n t e r s t i t i a l  chrum ium -m olybdem im  s t a i n l e s s  s t e e l s  and  f i n d  t h a t  
t h e  minimum l e v e l  f o r  a l l o y s  c o n ta in i n g  1 0 0 -2 0 0  ppm c a r b o n  and  th e  
same l e v e l  o f  n i t r o g e n  In : Ti = 0 .1 9  + 3 .7  (C-tN ). T h is  am ount o f  
t i t a n i u m  i s  c o n s id e r e d  by th e  a u th o r s  t o  b e  in  e x c e s s  o f  t h a t  r e q u i r e d  
by s t o i c h i o m e t r i c  r e l a t i o n s h i p : ;  (T iC ) , a  f a c t  w h ich  th e y  s u g g e s te d  i s  
r e l a t e d  t o  t h e  te n d e n c y  o f  t i l n n iu m  to  com bine  w i th  o t h e r  e le m e n ts  i n  
th e  a l l o y ,  s u c h  a s  s u l p h u r .  A m ore p r o b a b le  e x p la n a t io n  r e l a t e s  t o  
th e  f a c t  t h a t  t i t a n i u m  in  u s u a l ly  p r e s e n t  i n  e x c e s s  i n  t i t a n i u m  
c a r b id e  (up  t o  T i^ y f ;  L h n ty n s k i ,  1 9 79 ) a n d  i s  t h e r e f o r e  u n d e r e s t im a te d  
i n  a s s e s s i n g  th e  c o m p o s i t i o n  n f  Tit.- . In  t h e  c a s e  o f  n io b iu m , th e  
am ount r e q u i r e d  l o r  s l . a b i 1 i / a t  in n  i s  c l o s e r  t o  sd n i r h i o m o l r i e  r e q u i r e ­
m e n ts  :Nb = 7 ( f!+N).
Moot s t u d i e s  r e p o t  t a  l i n e a r  r e l a t i o n s h i p  b e t ween s t a b i l i z e r  and 
c a rb o n  a n d  n i l r o y i  n c o n t e n t .  Alio e t a  I . (1 9 7 7 )  fo u n d , h o w e v e r, t h a t
t h e  n o rm al am ount o f  y t a b i l i ^ e r  r e q u i r e d  d e c r e a s e s  s h a r p l y  be low  a 
comt ed  c a r b o n  p J u s  n i t r o c je n  l e v e l  o f  140 ppm. A c c o rd in g  to  D av is  
c t  r l .  ( 1 9 8 0 ) ,  th e  Nb/C r a t i o  i n  26C r-lM o a l l o y s  i s  n o t  l i n e a r  and 
i s  l a r g e l y  o f u n c t i o n  o f  th e  c a rb u n  l e v e l :  Nb/C - 7 .7  + 0 .0 ) 4 /C .  The 
sam e a u th o r s  c o n c lu d e d  th a t,  t h e  u:;-.- o f  a N b/(U+N) r a t i o  f o r  s t a b i l i ­
z a t i o n  p r o d u c e s  m is le a d in g  r o s u l t u  s in c e  n i t r o y e n  up t o  175 ppm 
i s  n o t  o b s e rv e d  t o  a f f e c t  s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  c o r r o s io n .
S t a b i l i z a t i o n  i s  n u e e s o ;i ry  i f  i i i t iu - i j r a n u la r  c o r r o s i io n  in  s p e c i f i c  
e n v iro n m e n ts  i s  t o  b e  p r e v e n te d ,  b u t  i t  c an  h a v e  a d e t r i m e n t a l  e f f c c t  
on th e  m e c h a n ic a l  p r o p e r t i e s  o f  l e r c i L i c  s t a i n l e s s  a t o e i s ,  e s p e c i a l l y  
i f  p r e s e n t  j  : e x c e s s  o f  th e  l i m i t ; ;  n o te d  a b o v e . F i g u r e s  2 .5  and 2 .6  
show  th e  e f f e c t s  o f  t i t a n i u m  and  n io b iu m  on th e  im p a c t  p r o p e r t i e s  o f  
an  18 Cr -  2 Mo a l l o y s  e o n U u n in q  l ‘;0  ppm e a c h  o f  c a r b o n  and  n i t r o g e n  
(S to i g e r w a ld  c t  a l . , 1 9 7 7 ) .  The a d d i t i o n  o f  t h e  c o r r e c t  am ount 
(0 .2 7 % ) o f  t i t a n i u m  i s  found  to  i n c r e a s e  th e  im p a c t t r a n s i t i o n  
te m p e r a tu r e  o f  th e  a n n e a le d  a l l o y ,  a» i s  fo u n d  in  the: co m m erc ia l 
p r o c e s s in g  o f  f e r r i t i c  u t a i n l e w i  b t e e l s .  An e x c e s s  o f  t i t a n iu m  o v e r  
t h a t  r e q u i r e d  f o r  s t a b i l i z a t i o n  l e a d s  t u  a f u r t h e r ,  s l i g h t  i n c r e a s e  
i n  th e  t r a n s i t i o n  te m p e r a tu r e .  H v u t.- trec ilm u n t o f  th e  a l l o y  a t  1205°C 
t o  s im u la t e  w e ld in g ,  show;; t h a t  t i t u n iu m  hab  a  b e n e f i c i a l  e f f e c t  in  
c o m p a r iso n  t o  th e  u n u t a b i 1iz e d  a l l o y .
I n  th e  c a s e  o f  n io b iu m , a d d i t i o n  o f  th e  c o r r e c t  am ount f o r  s t a b i l i ­
z a t i o n  low i>ru th e  t r a i i a i t  in n  1 un.pi ra f .u rn  by abou'- JU °C , b tf t  e x c e s s  
n io b iu m  le n d s  to  an  in c ru a u e  in  th-:> L r a n in t i o n  te m p e r a tu r e  w i th  t h e  
r e l a t i v e  i n c r e a s e  b e in q  l . a n ) r r  th a n  t h a t  fnunii f o r  e x c e s s  t i t a n iu m .  
N iobium  a n d  t i t a n i u m  t h e r e f m o  b o th  im prove  th e  to u g h n e s s  o f  
f e r r i t i c  : ; t a in l n : ; n  i j i o n h i  t h a t  h a \ e  be en  h e a l ed  t o  h itjh  t e m p e r a tu r e s .
A coiTiparif.w i o f  i 2 . ' >  am i ? . a  -,/»/«,' I fi;/l l ix . ' i l i o n  iv.ith
n io b iu m  lia a  a  m u rr h i.'/ic f i t-i a l e (  I r r l  on I h e  im p aet p r e p e r t  i e s  th a n  
t i t a n i u m .  T h ere  K. no u b v in u ';  e -sp lan a l in n  f u r  U n a  d i  f l 'e re n c c  b u t  i t  
ha:; hei)ii r.uf]t|i;;il.ci) th n l  11, in  du,- t o  I h r  d i l 'fe v i-n t ('arm and 
d i s t r i b u t i o n  of" th e  r e s p i v t  iv e  ira t t iu ln  and  n i t r i d e  p r e r i p i t a t e s  
( !3 t e i ( je n /a id  e t  a  1 . , 1V7 7 ) . Ih e  |)n -i ip i  1 a l eii f ound in  n io b iu m  -  
o t a b i  I i / e d  a j  Ioyi; •n-o n . 'J a l  i v r l y  mjj.’jI ! a n d  u n i  f n n iily  d i s p e r s e d  w here,):;
Teal Temperature, F
I
Tost Temperature, C
f i g u r e  2 .5  Imp.icL l.r^n.N ih io n  L (';n |)i'i"itu i'u  c u rv n u  f o r  f 'u l l - n i z e ,  
10 mm L'h.irpy V -notc-h !;pi’c im fin ; o f  an  lHV r-2H u c illo y  
nfiu '/nntj flm  f t  f a d  o f  i i i n n i a m  ;;l .ab i J i z o t . io n ,
<:t i l l . , 1 1 '/7 ) .

th o s e  i n  t h e  t i t a n i u m  a l l o y s  a r e  f a i r l y  c o a r s e  and  a n g u la r .
The e f f e c t  o f  s t a b i l i z a t i o n  on t»io p r o p e r t ie s )  o f  w e ld ed  f e r r i t i c ;  
s t a i n l e s s  s t e e l ; ,  h a s  b e e n  r o f c r r u d  t o  b r i e f l y .  S a w h il l  a n d  Gorr! 
(1 9 7 6 )  s t u d i e d  t h e  p r o p e r t i e s  o f  a u to y u n u u s  v-eddi; in  w te b l l iM 'J  
18Cr-2M o a l l o y s  a n d  fo u n d  t h a t  n io b iu m  p ro d u c e d  a to u r jh c : ' w eld  [ lit .: . 
t i t a n i u m ,  w i th  an  e x c e s s  o f  e i t h e r  e lem en t, l e a d in g  tu  on in c r e a s i ,  i i i  
t h e  t r a n s i t i o n  te m p e r a tu r e .  N e i th e r  o le m e n t  u p p e a r rd  t o  a f f e c t  U i-  
d u c t i l i t y  o f  th e  p a r e n t  a l l o y  o v e r  th e  r a n g e  u f  B to b i l i z a t i o f v  
s t u d i e d ,  0 .3 4  -  0 .78%  t i t a n i u m  a n d  0 .2 4 -0 .(i4 ?5  n io b iu m . I t  wsr: 
n o te d  t h a t  an  e x c e s s  o f  e i t h e r  e l  omen I. r e d u c e d  w eld  d u c t i l i t y ,  v;j.v 
t h e  e f f e c t  b e in g  m ore p ro n o u n ce :!  in  t h e  c«j:»u o f  n io b iu m .
In  th e  sam e s tu d y  i t  wsio found  t h a t  t h e  p o o r  w e ld  d u c t i l i t y  
a l l o y  w i th  e x c e s s  t i t a n i u m  c o u ld  he  im p ro v e d  by in c r e a s i n g  th e  
c a r b o n  l e v e l ,  i n d i c a t i n g  '-h a t  the. o ff 'i-ck  i s  d e p e n d e n t o>i the- r e ia ; : .1 
s h ip  b e tw ee n  t i t a n i u m  nnd th e  i n t e r - t i t i a l  jU r iu n i .  l e v e l .  Ths 
a u th o r s  c o n s id e r e d  th e  r e d u c t i o n  i n  d u c t i l i t y  i n  11 io o l l o y e  v d ti .  
e x c e s s  t i t a n i u m  t o  b e  duo  t o  d is ; p e r s iu n  h a i ^ '•I’incj by s u b - m ic ro s o c p / .% 
t i t a n i u m - r i c h  p r o c i p i t n t e ^ .  A s i m i l a r  e x p la n a t io n  h a s  b e e n  p ro p o s e , 
by P o l l a r d  (1 9 7 4 )  f o r  2 6 T r -1 i  a !  lu y u  and  i s  s u p iio r ta d  by t h e  f e d :  
t h a t  a  p o s t - w e ld  h f r i t - t r e - i t i a e n t  p rp rovesi th e  u n c i i l . i t y  o f  th.- 
o l l o y u  c o n ta in i n g  h ig h  t i t a n i u m  le v t 'L a ,  po r> :ub ly  duu to  c o a r s e n i n r  
o f  th e  t i t a n i u m - r i c h  p r t - c i p i t a u - i , .
I n  t h e  e a s e  o f  th e  n io i i iu u - c i t r ib i  l i z e d  IBCr-ZMu a l l o y s  the: poo=' 
d u c t i l i t y  found  do-iu n o t  a p p e a r  t o  bt; cn u u ed  by th e  n io b iu m - r ic h  
p r e c i p i t a t e s .  S a w h i l l  and  iiond (1 9 7 6 )  found  e v id e n c e  o f  h o t  c ra c k in c ; 
w h ic h  c o u ld  a c c o u n t  f o r  t h e  p o o r  d u c t  i I t U , a  c o n c lu s io n  w h ic h  i s  
s u p p o r te d  by I  ho f a c t  t h a t  t h e  d u c t i l i t y  e n n n u t h i  in:provc;d by s  
p o s t- v je ld  h e a t - t r e n t m i 'n t .
The u r r u c t u r i '  o f  t h n  wi.-lil;; in  : ; n p i 'r f e r v i l  i c  vl u m lv o t j  : ; l t ’n iy  v a r i a s  
a c c o r d in g  to  th e  ty p e  tif : ; tn u i  1 i / u l  m n  ,w it h l . i tn n iu m  p ro d u c in g  
eq . in x e d  g r a i n s  and  n in b iu m  a c u lu m n n r  s i .c u c I.iivi- in  tin - f f> n !rc  o f  
th e  w e ld . Thu l a t t e r  :;t .ru e  ,ir i ' iu  u u u n l ly  n h t- r rv i 'd  when h u t - e r n c k in t i  
i s  found  to  o c c u r .
The s u p e r f e r r i t i c  lflCr-2M o o J lo y s  o r e  a f f e c t e d  by w e ld in g  d e f e c t s  t o  
t h e  sam e e x t e n t  a s  a u e f c e r s i t i r  s t c u n l e s u  s t e e l s ,  b u t  t h e i r  p o o r e r  
to u g h n e s s  m akes any  d e f e c t s  t h a t  a r e  p r e s e n t  much mure d e t r i m e n t a l . 
S p e c i a l  c a r e  m ust b e  t a k e n  t o  a v o id  u n d e r c u t t i n g  o r  p o u r  p e n e t r a t i o n  
d u r in g  w e ld in g .  G a te s  and  J a g o  (1 9 8 2 )  fo u n d  t h a t  m a r g i n a l l y  s t a b i l i z e d  
18Cr-2M o a l l o y s  (T i = 8(n+N ))m ay u n d e rg o  L B 'i s i t i z a t i o n  when a u to g e n o u s ly  
w e ld e d  d u e  t o  th e  f o rm a t io n  o f  f d r t i c l e o .  T h is  was a s c r ib e d  to
e x c e s s  n i t r o g e n  c o m b in in g  w i th  t h e  t i t a n i u m  at. h ig h  te m p e r a tu r e s  and  
h e n c e  r e d u c in g  th e  d e g re e  o f  s t a b i l i z a t i o n  i n  th e  w eld  m e ta l .
E x c e s s  n i t r o g e n  c o u ld  b e  in t r o d u c e d  i f  t h e  i n e r t  g a s  s h i e l d i n g  i s  
i n t e r r u p t e d  i n  any  w ay , o r  a s  a  r e s u l t  o f  h ig h  n i t r o g e n  l e v e l s  in  
t h e  f i l l e r  m a t e r i a l .
S u p e r im p o se d  on th e  e f f e c t s  o f  u t a b i l i z a t i o n  end i n t e r s t i t i a l  l e v e l  
on  th e  d u c t i l i t y  and  im p a c t p r o p e r t i e s  o f  f e r r i t i c  s t a i n l e s s  s t e e l s  
i s  t h e  m arked  e f f e c t  o f  U iic k n c n u . p a r t i c u l a r l y  on th e  im p a c t v a lu e .
The t r a n s i t i o n  t e m p e r a tu r e  i s  fo u n d  t o  i n c r e a s e  w i th  m a te r i a l  
th ic k n e s s ;  a a  show n in  f a b l e  2 . 3 .  H ig h - p u r i t y  a l l o y s  a r c  known to  
ha v e  h ig h e r  t r a n s i t i o n  te m p e r a tu r e s  (.hen com pared  t o  a l l o y s  o f  
c o m m e rc ia l p u r i t y  w h ic h  a r e  s t a b i l i s e d  w i th  t h e  sam e am ount o f  
t i t a n i u m  ( S te ig e r w a ld  e t  a l . ,1977":. T h is  r e s u l t  a g a in  s u g g e s t s  t h a t  
unco m b in ed  t i t a n i u m  h-iu a d e t r i m e n t a l  a f f e c t  on th e  to u g h n e s s  
p r o p e r t i e s  o f  f e r r i t i c  r . t a i n le r u ;  s t c e l a .
The e v id e n c e  p r e s e n te d  in  t h e  n r e o - d in g  s e c t i o n s  show s t h a t  t i t a n iu m  
and  n io b iu m  e a c h  h a v e  d i u t i n c t  a d v a n ta g e s  (an d  d is a d v a n t a g e s )  f o r  th e  
w e ld in g  o f  f e r r i t i c  u tn ln l e r , : ;  n t e e l r ; .  A c o m b in a t io n  o f  th e  two 
e le m e n ts  t h e r e f o r e ,  seem :; t h e  l o - j i c a l  a p p ro a c h  t.u p r o d u c in g  th e  b e s t  
p r o p e r t i e s  i n  a  w e ld . S t e i y e r v a l d  e t  a l .  (1 9 7 7 )  r e p o r t  t h a t  th e  b e s t  
w eld  d u c t i l i t y  i n  an  IH C r- il lo  a l  1'j> wms o b ta in e d  w i th  a c o m b in a t io n  
o f  0 .22%  niob i.um  and  ft. V-'i t i t a n i u m .  The a d d i t i o n  o f  0 .  Vo t i t a n iu m  was 
fo u n d  to  p ro d u c e  a b e n e f i c i a l  e . j i i r i v d  g r a i n  s t r u r l u r e  in  th e  c e n t r e  
o f  th e  w e ld . H nw ever, th e  a d d i l  m ri of citily (M 'S  t i t a n iu m  in c re an o c l 
t h e  t r a n s i t i o n  tem pm -al l i r e  of t h f  w i d  r e l a t i v e  i o  th . i t  o f  th e  b a s e  
a l l o y  s o  th a t  in  c o i m d 'T i n q  H v  u .il ifium n i n h iu m - t i t a a i tm  c o m tu n o tio n , 
t h e  t i t a n i u m  a d d i t i o n  .sh o u ld  b e  1 i: ,n tv d  t o  tin - lo w e s t l e v e l  p o s s i b l e  
i n  o r d e r  t o  p r e v e n t  t h e  h o t  c ra n k  u v j c a u a e i1 by n io b iu m .
The s u p e r f e r r i t i c  l8C r-2M o a l l o y s  o r e  a f f e c t c d  by w e ld in g  d e f e c t s  t o  
th e  sam e e x t e n t  Ls a u n t s n i t i c  s t a i n l e s s  s t e e l s ,  b u t  t h e i r  p o o r e r  
to u g h n e s s  m akes any  d e f e c t s  t h a t  n r e  p r e s e n t  much m ure d e t r i m e n t a l .  
S p e c i a l  c a r e  m ust b e  ta k e n  t o  a v o id  u n d e r c u t t i n g  o r  p o o r  p e n e t r a t i o n  
d u r in g  w e ld in g .  G a te s  and  Jacjo (1 9 8 2 )  found  t h a t  m a r g i n a l l y  s t a b i l i z e d  
18Cr-2M o a l l o y s  (T i = &(C+N))way u n d e rg o  s e n s i t i z u t i o n  when a u to g e n c u s ly  
w e ld ed  d u e  to  t h e  f o rm a t io n  n f  P ^ ^ t i c . l e s .  T h is  was a s c r ib e d  t o
e x c e s s  n i t r o g e n  c o m b in in g  w i th  t h e  t i t a n i u m  a t  h ig h  te m p e r a tu r e s  and 
h e n c e  r e d u c in g  \h e  d e g re e  o f  s t a b i l i z a t i o n  in  th e  w eld  m e t a l .
E x c e s s  n itro g & r . c o u ld  b e  i n t r o d u c e d  i f  t h e  i n e r t  g a s  s h i e l d i n g  i s  
i n t e r r u p t e d  i n  a n y  w ay , o r  n s  a r e s u l t  o f  h ig h  n i t r o g e n  l e v e l s  i n  
th e  f i l l e r  m a t e r i a l .
S u p e r im p o se d  on  th e  e f f e c t s  o f  b t . - i b i l i / a t i o n  and i n t e r s t i t i a l  l e v e l  
on th e  d u c t i l i t y  a n d  im p a c t p r o p e r U e s  o f  f e r r i t i c  s t a i n l e s s  s t e e l s  
i s  t h e  m arked  e f f e c t  o f  t h i c k n e s s ,  p a r t  i c u l u v l y  on th e  im p a c t v a lu e .
The t r a n s i t i o n  te m p e r a tu r e  i s  foun:l t o  i n c r e a s e  w i th  m a t e r i a l  
t h i c k n e s s  a s  show n in  T a b le  2 . 5 .  H ig h - p u r i t y  a l l o y s  a r e  kno m to  
h a v e  h ig h e r  t r a n s i t i o n  te m p u r a tu r e a  when com pared  to  a l l o y s  o f  
c o m m e rc ia l p u r i t y  w h ic h  o r e  s . t a b i 1 : m l  w i th  th e  same am ount o f  
t i t a n i u m  ( S te ig e rw a lU  e t  a l . , 17771 . T h is  r e s u l t  a g a in  s u g g e s t s  t h a t  
unco m b in ed  t i t a n i u m  lia s  u d c - tr i t . .• n ! - i l  a f f e c t  on th e  to u g h n e s s  ' 
p r o p e r t i e s  o f  f e r r i t i c  r . l a i n l e u : :  s t e e l s .
The e v id e n c e  p ru G e n te d  in  t hi; pr> 'V r-dinq s e c t i o n s  show." t h a t  t i t a n i u m  
and  n io b iu m  e n c h  h av e  d i s t i n c t  a d v a n ta g e s  (an d  d i s a d v a n t a g e s )  f o r  th e  
w e ld in g  o f  f e r r i t i c  s t a i n l e s s  i t t - e k i .  A c o m b in a t io n  o f  t h e  two 
e l e r  ; n t s  t h e r e f o t e ,  se e 'iis  t h e  l u  ji.vn l a p p ro a c h  to  p r o d u c in g  th e  b e s t  
p r o p e r t i e s  ir i a  w e ld . S te tL yfjrw ald  e t  a l . (1 9 7 7 )  r e p o r t  t h a t  t h e  b e s t  
w eld  d u c t i l i t y  m  an K lf r - iM o  n l t i ,y  was o b ta in e d  w i th  a c o m b in a t io n  
o f  0 .22%  n io b iu m  a n d  fi. 1% U U in h n i .  The a d r i i t l o n  o f  O .T i  t i t a n i u m  was 
fou ,id  t o  pro iiuM ; n b e n n l i c i : i l  eciu in x c d  g r a i n  s t  n i c h i r e  in  t h e  c e n t r e  
o f  t h e  w e ld . H ow ever, th e  iu ld i l i t n  o f  o n ly  11. t i t a n i u m  in c r e a s e d  
th e  t r a n s i t i o n  LempiT.il u n -  n f  I Iv- u " ld  r e l a t i v e  I o  th a t  o f  th e  b a s e  
a l l o y  s ii t h a t  in  v o n .iid -T  in<] I h e  i.,it irmm n m ln u m -t  i ta n iu r a  c o m b in a t io n ,  
th e  t i t a n iu m  a d d i t i o n  s h o u ld  t v  I u . i i i e d  t o  th e  lu u e s t  l e v e l  p o s s i b l e  
in  o r d e r  to  p r e v e n t  th e  hot. o r a r k n v j  v .in iied  by n io b iu m .
T a b le  2 .3 .  Im p ac t f r n n a i t i o n  T e m p e ra tu re  a:s a  F u n c t io n  o f  Gauge 
T h ic k n n o s  and T ita n iu m  L e v e l f o r  A n n ea le d  26Cr-iM o 
A l lo y s .  ( W r ig h t ,  1 9 7 3 ).
_____________ Gau g e  T liick n e aa  (mm)________________________
C h arp y  V -N o tch , T r e n a i t io n  T e m p e ra tu re  ( 1'C )
C +  N (S )______________1 2 .7  3 .0 5  -  1 ^ 3 2 ° ^
0 .0 0 6 5  -5 7  -  -7 3
0 .0 3 1 0  149  3ti -7 3
0 .0 9 0 0  162 38 -1 8
0 . 3 0 0 +  0 .2 2  T i 121 - I  -4 6
0 .8 5 0  + 0 .4 5  T i 107 38 -4 6
( a )  W a te r-q u o n e e d  a f t e r  a n n e a l
( b )  A ir - c o o le d  a f t e r  a n n e a l
F o r  a p p l i c a t i o n s  w here  w eld  d u c t i l i t y  r a t h e r  th a n  to u g h n e s s  i s  th e  
c o n t r o l l i n g  f a c t o r ,  t i t a n i u m  i s  th e  p r e f e r r e d  s t a b i l i z i n g  e le m e n t  in  
f e r r i t i c  s t a i n l e s s  s t e c l o .  S uch  a p p l i c a t i o n s  in c lu d e  m o st o f  th o s e  
i n v o lv i n g  l i g h t  gouge  p r o d u c t s  o r  l e s s )  w h ich  c o v e r s  th e  m ain 
u s e  o f  s t a i n l e s s  s t e e l .
W h ile  t i t a n i u m  a p p e a r s  t o  b e  th e  p r e f e r r e d  s t a b i l i z e r  i n  c o m m erc ia l 
18C r-2 t!o  s u p e r f e m t  i c  s t a i n l e s s  s t e e l s  e i t h e r  a lo n e  (o .g .N y b y  ELX-T 
38 and  1 8 -2 , MiAIT a n d  f 'o m stn o l 1 8 - 2 ) ,  o r  i n  c o m b in a t io n  w ith  n io b iu m  
( e .g .T y p e  444  ; f a b l e  2 . 1 ) ,  o t h e r  e le m e n t  c o m b in a t io n s  a r e  u s e d ,  su c h  
a s  n io b iu m  and  t a n ta lu m  in  th e  e q u iv a l e n t  J a p a n e s e  g r a d e s .
To su m m arize , th e  a d d i t i o n  o f  th e  optim um  am ount o f  a s t a b i l i z i n g  
e le m e n t  t o  an  a l l o y  c o n ta in i n g  a m o d e ra te  am ount o f  c a rb o n  and 
n i t r o g e n  ( e . g .  4(3!) ppm co m b in ed )  d o e s  no! im p ro v e  th e  a n n e a le d  im p a c t 
p r o p e r t i e s  b u t  w i l l  s i g n i f i c a n t l y  im prove  Hu- a s -w u h io d  d u c t i l i t y  and 
c o r r o s io n  r e s i s t a n c e .  I b i s  p n u il  i s  an im porI.an t d i f f e r e n c e  b e tw een  
s t a b i l i z e d  and  lo w - h it  e r s t i  I. m l  a l l o y s  and a s  shown by W rig h t ( 1 9 7 1 ) ,  
i s  p a r t i c u l a r l y  ev id e n 1 a t 'u - r l i n n  th i c k n e s s e s  g r e a t e r  th a n  3 mm 
( f a b l e  2 . 3 ) .  F o r  I h ic k  p l a t e  s e e l  in n s  w here  h ig h  r o u m - te m p c ro tu re  
to u g h n e s s  i s  r e q u i r e d ,  t h e  l o w - i n l e r s t i I  i a l  a l l o y s ,  bu t n o t  th o
s t a b i l i z e d  a l l o y s ,  w ould  be a c c e p t a b l e .  On th e  o t h e r  h and  f o r  t h i n  
m a t e r i a l ,  a s  u se d  i n  h e a t  e x c h a n g e r  t u b i n g ,  e i t h e r  a l l o y  c o u ld  be 
u s e d  b e c a u s e  b o th  h av e  s i m i l a r  to u g h n e s s  and  w e ld ed  p r o p e r t i e s .
2 . 2 . 2 .  S t a b i l i z i n g  A llo y  A d d i t i o n s . An a l t e r n a t i v e  m ethod  o f  
r e d u c in g  th e  d e l e t e r i o u s  e f f e c t s  o f  c a rb o n  and  n i t r o g e n  i n  f e r r i t i c  
s t a i n l e s s  s t e e l s ,  a p a r t  from  r e d u c in g  c a r b o n  and  n i t r o g e n  to  v e ry  low  
l e v e l s  o r  a d d in g  t i t a n i u m  a n d  n io b iu m  a s  s t a b i l i z e r s ,  i s  th e  u s e  o f  
low  c o n c e n t r a t i o n s  o f  e le m e n ts  h a v in g  a to m ic  r a d i i  w i th in  15% o f  t h a t  
o f t h e  a lp h a  m a t r ix .  S ip o s  e t  a l . (1 9 7 2 )  h a v e  show n t h a t  good a s -  
w e ld e d  d u c t i l i t y  and  i n t c r g r a n u l n r  c o r r o s io n  r e s i s t a n c e  c an  be 
p r o d u c e d  i n  25-37%  chrom ium  f e r r i t i c  s t e e l s  c o n ta in i n g  250 ppm 
co m b in ed  c a rb o n  a n d  n i t r o g e n  by th e  a d d i t i o n  o f  0 ,1 -1 %  o f  s e l e c t e d  
e le m e n ts  su c h  a s  a lu m in iu m  o r  c o p p e r ,  o r  c o m b in a t io n s  o f  a lu m in iu m  
and  c o p p e r ;  a lu m in iu m  and  v a n ad iu m ; and  a lu m in iu m , c o p p e r  and 
v a n ad iu m . An a l l o y  w i th  ;i m o d e ra te  i n t e r s t i t i a l  e le m e n t l e v e l  and 
c o n ta in i n g  t h e s e  e le m e n ts  a s  s t a b i l i z e r s  c an  b e  p ro d u c e d  more 
e c o n o m ic a l ly  t h a n  one  o f  e q u i v a l e n t  w e l d a b i l i t y  c o n ta in i n g  a v e ry  
low  i n t e r s t i t i a l  l e v e l .
V anadium  h a s  b e e n  c o n s , cre-d a s  a  s t a b i l i z e r  in  s t a i n l e s s  s t e e l  i n  
s e v e r a l  p u b l i c a t i o n s  a n d  r e p o r t s  ( A a lu n c l.2 977 ; K rupp  p a t e n t ;
S c u r r ,  1 978 ) a n d  t h i s  a s p e c t  i s  d i s c u s s e d  f u r t h e r  i n  th e  s e c t i o n  on 
van ad iu m  ( 3 . 1 . 3 ) .
2 . 3 .  E m b r i t t l i n g  E f f e c t s
F e r r i t i c  s t a i n l e s s  s t e e l s  c a n n o t  bu o 'r e n q th e n e d  o r  h a rd e n e d  by th e  
c l a s s i c a l  q am m o -m o rto n o ile  t r a n s f o r m a t io n  b u t a r e  s u s c e p t i b l e  t o  
s i g n i f i c a n t  s t r e n g t h e n i n g  by h e a t t r e a t m e n t .  A d raw b ac k  to  any h e a t  
t r e a tm e n t  i s  t h e  o c c u r r e n c e  o f  e m b r i t t l i n g  p h a s e s  w h ich  c a n  c a u s e  a 
l o s s  o f  d u c t i l i t y  and  to u g h n e s s  a t room te m p o r a lu r c .  S e v e ra l  
e m b r i t t l i n g  phenom ena h av e  be en  i d e n t i f i e d  i n  s i  a in i  e s s  s t e e l s  
i n c lu d in g  s ig m a  and  t.-hi p h a se  p r e c i p i t a t i o n ,  W 'C  e m b r i t t le m e n t  and 
h ig h - t e m p e r a t o r e  e m b r i t t l e m e n t ,  f h r  l a s t  u f  th o s e  i s  p a r t i c u l a r l y  
s e r i o u s  s in c e  f e r r i t i c  s t a i n l e s s  a t e e l s  m ust h av e  good d u c t i l i t y ,  
to u g h n e s s  and  c o r r o s io n  r e s i s t a n c e  a f t e r  w e ld in g  i f  th e y  a r e  t o  f i n d  
m ore w id e s p re a d  a p p l i c a t i o n .
2 .3 .1 .  S igm a a n d  C h i P h a se  f' f e c i p i t n t i o n  . The chrom ium  c o n c e n t r a t io n  
and  u p p e r  te m p e r a tu r e  r a n g e  i n  w h ich  s ig m a  p h a su  o c c u r s  i s  shown in  
t h e  iro n -c h ro m lu m  d ia g ra m  ( F ig u r e  2 . 7 ) .  P u re  s;iyma form s i n  th e  
chrom ium  r a n g e  42-50%  w h ile  a d u p le x  s t r u c t u r e  c o m p ris e d  o f  a lp h a  and  
s ig m a  p h a s e s  i s  Found in  a l l o y a  w ilh  a 1: i i t - t l o  a s  9 .5?i chrom ium  when 
th e y  a r e  e x p o se d  t o  to r a p o r u tu r u a  uo low e;j 48fJuC. Sigm a p h a s e  i s  a 
h a r d ,  b r i t t l e ,  i n i . e r - m e t a l . l i c  compound t h a t  fo rm s c m t j r u e n l l y  from  
F e r r i t e  a t  815 IIC, and  h a s  th e  n o m in a l c o m p o s i t i o n  F e l r .  The r e l a t i o n ­
s h i p  b e tw ee n  s ig m a  and  a lp h a  prime; (I'.icjuru 2 .7 )  i n  n o t  c le a t-  b u t  t h e r e  
i s  e v id e n c e  to  s u g g e s t  t h a t  nlph.-j p r im e  i s  a  p r e c u r s o r  o f  s ig m a  a t  
t e m p e r a tu r e s  b e lo w  560UC (S L e itju rw iild  e t  a l .  ,1 9 7 7 ) .
Proposed by" 
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F i g u r e  2 .7 .  T o m p c ro tu n ; rrm iju f o r  i i i - ib lc  slijuin and 
m nL astalA ri a lp h a  fir im n  phase?:; in  th e  
i r o n -c h ro m iu m  ;iy :;tcm . ( H i i l ia n m , 19^(1).
The am ount o f  s ig m a  p h a s e  p r e s e n t  i n  f e r r i l i c  a l l o y s  d e p e n d s  on 
f a c t o r s  su c h  a s  c o ld  w ork and  th e  p r e s e n c e  o f  c e r t a i n  o t h e r  e le m e n ts .  
C o ld  w ork  i s  fo u n d  to  a c c e l e r a t e  th e  p r e c i p i t a t i o n  o f  s ig m a  p h a s e .  
F e r r i t e  s t a b i l i z i n g  e le m e n ts  su c h  a s  m olybdenum , s i l i c o n ,  v a n ad iu m , 
t i t a n i u m  and  n io b iu m  w h ich  d i s s o l v e  i n  th e  s ig m a  p h a s e ,  l e a d  t o  more 
r a p i d  f o rm a t io n  and  to  an e x t e n s i o n  o f  t h e  te m p e r a tu re  r a n g e  o v e r  
w h ic h  s ig m a  p h a s e  i s  s t a b l e .  The e f f e c t  o f  c a rb o n  i s  t o  d e c r e a s e  
s ig m a  f o r m a t io n ,  t h i s  b e in g  a t t r i b u t e d  to  t h e  rem o v a l o f  chromium 
from  s o l i d - s o l u t i o n  by th e  f o rm a t io n  o f  chrom ium  c a r b i d e .
The m ost s i g n i f i c a n t  e f f e c t  o f  s ig m a  f o r m a tio n  on th e  room te m p e r a tu re  
p r o p e r t i e s  o f  f e r r i t i n  s t a i n l e s s  s t e e l s  i s  t o  r a i s e  t h e  im p o c t 
t r a n s i t i o n  te m p e r a tu r e ;  t h e  e f f e c t  on o t h e r  m e c h a n ic a l p r o p e r t i e s  
i s  n o t  s o  m arked  a l th o u g h  h a rd n e s s  i s  i n c r e a s e d  and  d u c t i l i t y  
r e d u c e d .  At h ig h  te m p e r a tu r e s  s ig m a  c o u ld  o f  c o u rs e  h a v e  a  b e n e f i c i a l  
e f f e c t  by  in c r e a s i n g  th e  t e n s i l e  s t r e n g t h .  As r e g a r d s  c o r r o s io n  
r e s i s t a n c e ,  l a r g e  s ig m a  p a r t i c l e s  a r e  n o t  fo u n d  to  h a v e  much e f f e c t .  
When sig m a  o c c u r s  a s  a  f i n e  y n n n - b o u n d o ry  p r e c i p i t a t e ,  h o w e v e r, th e  
c o r r o s i o n  r e s i s t a n c e  i s  a d v e r s e l y  a f f e c t e d  ua  show n by t e s t s  i n  aq u a  
rc g - ia  (N e w e ll ,  1946) and  n i t r i c  a n d  s u l p h u r i c  a c id s  (C ooko. 1 9 5 0 ) .
The p r e c i p i t a t i o n  o f  u iym  i p h a s e  i s  v e ry  s lo w  and i t  i s  n o t  n o rm a l ly  
e n c o u n te re d  in  t h e  p r o c e s s in g  of c o m m e rc ia l f e r r i l i c  s t a i n l e s s  s t e e l s .  
S h o r t s l e e v c  and  N ic h o ls o n  (1 9 5 1 )  i n v n  show n t h a t  sigm a  t a k e s  some 
500  h o u r s  t o  fo rm  in  18% chrom ium  s t a i n l e s s  s t e e l s  a t  595°C , so  
t h a t  i t  i s  n o t  e x p e c te d  to  o c c u r  m  w eld  d e p o s i t s .  Long i s o t h e r m a l  
h o ld s  arc- t h e r e f o r e  n e c e s s a r y  f o r  s ig m a  p h a s e  t o  s i g n i f i c a n t l y  
a f f e c t  th e  d u c t i l i t y  and  to u g h n e s s  o f  f e r r i l i c  s t a i n l e s s  s t e e l s .
As r e g a r d s  th e  p r a c t i c a l  a p p l i c a t i o n  o f  f e r r i l i c  s t a i n l e s s  s t e e l  a s  a 
h e a t  r e s i s t a n t  m a t e r i a l . s ig m a  p h a s e  i s  o n ly  a  l i m i t i n g  f a c t o r  f o r  
u s e  i n  th e  te m p e r a tu r e  r a n g e  Id ld - iilV T  f o r  lu n g  p e r i o d s .  I t  i s  
im p o r ta n t  t h e r e l o r e  in  d e v e lo p in g  new s t a i n l e s s  s t e e l s  t o  c o n s id e r  
t h e  e f f e c t  o f  com pos i f  in n  on s ig . i a  fiivmal. i un in  r e l a l  i o n  to  t h e i r  
f i n a l  a p p l i c a t i o n .  Any s ig m a  pha  , - I l i s t  d u e s  f'nim c an  bn d i s s o l v e d  
by a n n e a l in g  a t o v e r  BV>"U f o r  o iv  h o u r .  A llo y s  c o n ta in i n g  e le m e n ts  
su c h  a s  m olybdenum , n ic k e l ,  and man ja n e s c  w i l l  r e q u i r e  lo n g e r  a n n e a l in g
p e r io d s  o r  h ig h e r  te m p e r a tu r e s  to  d i s s o l v e  s ig m a  p h a s e .
A n o th e r  i n t e r m e t a l l i c  compound w h ich  i s  c l o s e l y  r e l a t e d  t o  s ig m a  and 
i s  fo u n d  in  m o ly b d e n u m -c o n ta in in g  f e r r i t i c  s t a i n l e s s  s t e e l s ,  i s  th e  
c h i - p h a s e .  I t  h a s  th e  n o m in a l c o m p o s i t io n  U ^C rM o. R e s e a rc h  show s 
t h a t  c h i  a p p e a rs  f a s t e r  th a n  s ig m a , and t h a t  b o th  g e n e r a l l y  o c c u r  
t o g e t h e r  i n  m o ly b d e n u m -c o n ta in in g  s t a i n l e s s  s t e e l s  ( S te ig e r w a ld  e t  
a l . , 1 9 7 7 ) .  I n  an  1.8O - 2M0 a l l e y  w i th  n com bined  c a rb o n  and n i t r o g e n  
c o n te n t  o f  >00 ppm, c h i  p h a s e  fo rm s in  500 h o u rs  a t  750UC. I n c r e a s in g  
t h e  m olybdenum  c o n te n t  and  th e  te m p e r a tu r e  c o n s id e r a b ly  r e d u c e s  th e  
tim e  f o r  c h i  t o  fo rm . As i s  t o  b e  e x p e c te d ,  c h i  p h a s e  r e d u c e s  th e  
n o tc h  to u g h n e s s  o f  m u ly b tle n u m -b c s r in ij , f e r r i t i c  s t a i n l e s s  s t e e l s .
S in c e  c h i  i s  s t a b l e  o v e r  a w id e r  te m p e r a tu re  r a n g e  th a n  s ig m a , 
a n n e a l in g  a t  a ro u n d  98UL|C i s  n e ed e d  t o  e l i m i n a t e  i t  i n  a l l o y s  w ith  
18% chrom ium  am i o v e r  3 . b% m olybdenum  (S chm id t and  J a r l e b o r g ,  1 9 7 4 ) .
2 . 3 . 2 .  475UC f m b r i t t l e m e n t .  When f e r r i t i c  s t a i n l e s s  s t e e l s  a r c
h e a te d  f o r  e x te n d e d  p e r io d s  i n  th e  le m p e r a lu r e  r a n g e  320 -  5 5 0 ° C ,th e y  
u n d e rg o  h a rd e n in g  and  a m ark ed  r e d u c t io n  in  d u c t i l i t y  a n d  to u g h n e s s .  
T h is  e m b r i t t le m e n t  e f f e c t  o c c u r s  m ost r a p i d l y  a t  475"C and  i s  c a u s e d  
by th e  p r e c i p i t a t i o n  o f  v e ry  f i n e  c h ro m iu m -r ic h  p a r t i c l e s  c a l l e d  
a lp h a  p r im e  ( f i g u r e  2 . 7 ) .  Theuo p r e c i p i t a t e s ,  w h ic h  h a v e  a  maximum 
d ia m e t e r  o f  n few  h u n d re d  A iuy .trom -j, a p p e a r  t o  a u s e  a r e d u c t io n  in  
to u g h n e s s  and  d u c t i l i t y  by th e  im m o b i l i s a t io n  o f  d i s l o c a t i o n s .  The 
p r e c i p i t a t i o n  s f  a lp h a  prime- i s ,  h o w e v e r, a  r e v e r s i b l e  p r o c e s s  and 
c an  b e  rem oved  by n n n o a i in y  a t  te m p e r a tu r e s  above- SI>UUC.
473"C e m b r i t t l e m e n t  i s  v e ry  s c r i s i t  iv e  t o  t h e  am ount o f  chrom ium  
p r e s e n t  and  i s  a l s o  v e ry  te m p e r a tu r e  d e p e n d e n t .  A 13% chrom ium  
f e r r i t i c  s t a i n l e s s  s t e e l  i s  n inbri 11 le d  in  fitilOt) h o u r s ,  w h e re a s  a 
15% chrom ium  a l l o y  Joke ;; o n ly  701) h o u r s .  The m ost m arked  e f f e c t  o f  
a lp h a  p r im e  p r c c i p i t a l  in n  in  r e l i e c t e i l  in  an  in r r e n n r  in  th e  im p a c t 
t r a n s i t i o n  te m p o r u iu ru .  f o r  n x n m p le , a  1/ no chrom ium  a l l o y  ( w i th  
800 ppm c a r b o n )  h a s  i t s  im pnel v a lu e  re d u c e d  from  12 lo  4  kg /cm ^  
a f t e r  b e in g  e x p o se d  Lu a  te m p e r a tu r e  o f  4 ‘il) 'C  f u r  4  h r s .  At h ig h e r  
chrom ium  l e v e l s  (2 5  -  50%) th e  e m h r i tI le m c n l  i s  f u r l h e r  a c c e n tu a t e d .  
A lth o u g h  th e  e m b r i t l l o d  a l l o y  ha-: v e ry  p o u r  ro u m -tem p c ra t t i r e  im p a c t
p r o p e r t i e s ,  i t  w ou ld  p r o b a b ly  hovu  r e a s o n a b l e  to u g h n e s s  a t  th e  
s e r v i c e  t e m p e r a tu r e  t h a t  caus.od th e  e m b r i t t le m e n t  i n i t i a l l y  and  in  
c o n se q u e n c e  475UC e m b r i t t le m e n t  iu  o n ly  a  problcjin  a s  f a r  o s  m e c h a n ic a l  
p r o p e r t i e s  a r e  c o n c e rn e d  when room t- im p c ra tu ru  to u g h n e a a  i s  o f  
im p o r ta n c e .  When t h i o  i o  th e  c a s e ,  f e r r i t i c  a l a i n l e n s  s t e e l s  
c o n ta in i n g  m ore th a n  15% chrom ium  s h o u ld  n o t  be expor;ed  t o  te m p e r a tu re s  
ab o v e  320°C .
A p a r t  fro m  chrom ium , o t t i o r  e le m e n ts  u n d i  an  L itu n iu m , n io b iu m , 
m olybdenum , c a r b o n  a n d  n i t r o g e n  nnhanci; t in : e m b r i t t l i n g  c f f e c t  in  
f e r r i t i c  s t a in L e a s  s t e e l s  ( T a b le  2 . 4 ) .  The e f f e c t  oF i n t e r s t i t i a l  
e le m e n ts  i s  p ro b n b ly  r e l a t e d  to  th e  i n t e r a c t i o n  b e tw ee n  a lp h a  p r im e  
and  c a r b o n i t r i d e  p r e c i p i t a t e s  ami i t  h a s  b e e n  s u g g e s te d  t h a t  th e y  may 
e v e n  r e d u c e  e m b r i t t le m e n t  by im m o b il iz in g  p a r t  o f  t h e  chrom ium  
( M e d i r a t t a  and  Rom u:;w am y,1976). Somu e lo n in n ti: su c h  uls a lu m in iu m , 
n i c k c l , s i l i c o n  am i m anijaneiie h a \u  be en  uh'jwn to  s lo w  clown th e  
e m b r i t t le m e n t  i n  ]8Cr-2M o s t i i i n l r s n  s t e e l a ,  w i th  s i l i c o n  and m anganese  
b e in g  th e  m ost p r o m is in g  in  U iiu  r e s p e c t  U lru b n n r ,  I V l i ) .  The 
a d d i t i o n  o f  tho& e a iio v L n y  e le m e n ts  i s  n o t ,  h o w e v e r, s i g n i f i c a n t  
eno u g h  t o  a f f e c t  th e  ( . t r a c tL e a l  u p p llc d L L o tw  o f  f e r v i t i c  o t t i i n l e s s
I n  a d d i t i o n  to  a f f o c t i m j  th e  inech.-i'iicrjl p r o p e r t i e s ,  4 7 5 aC e m b r i t t l e ­
m ent h a s  n  d e t r i m e n t a l  e f f e c t  on c o m m o n  r e t t i s t i i n c e .  N ew e ll (1 9 4 6 )  
h a s  show n t h a t  an  e m b r i t t l e d  27% chnvn ium  a l l o y  c o r r o d e s  fron t 4  to
12 t im e s  m ore r a p i d l y  i n  b o i l i n g  c o n c e n t r a t e d  n i t r i c  a c i d ,  th a n  d o e s  
t h e  a n n e a le d  a l l o y .  J h i : ;  n e c i- le ra h e tJ  c o r r o s io n  i s  p r o b a b ly  a r e s u l t  
o f  s e l e c t i v e  a t t a c k  o f  th e  i r o n - i i o h  a lp h a  p r im e  p h a se  o r ,  a s  
s u g g e s te d  by tlrjdc jfj ( 1 9 7 1 ) ,  t o  nl I -ick o f  ch ro m iu m -v .irh  c a r b id e  
p r e c i p i t a t o r ; .  L i / l o v r ;  and  Ocimi ( l ‘, / r<) found  t h a t  V / ’V vi’ih r i t  t le m c n l  
r e d u c e s  I he  c o r r o s io n  reriU il :u ice  n i iu r .r -? .!!n . I i  r . la iu lc n s s  is ieu lG  in  
a  v a r i e t y  o f  e n v iro n m e n t; ! ,  i n c lu d m g  fh tju c  w h ich  a n -  o x i r l i f i in g / r e d u c ­
i n g ,  a n d  u n d e r  p i  I. t i n g  c u iitli I m iv ; , i'i7l>l'C embr i 11 le rn 'n t a f f e c t s  
c o r r o s i o n  r e : ; i s i  a n e c  amch m ore n lo .- ily  H um  i I due:; I he  to u g h n e s s  
p r o p e r t i e s  s o  th n l.  i f  H ie  s i  e e l  i s  s a l  i ' ; f  ,ict o ry  a s  Far a s  m e c h a n ic a l 
p r o p e r t i e s  a r e  c o n c e rn e d ,  i t  w i l l  Ivt a e e e p ta h l e  Fnmi a c o r r o s io n  
p o in t  o f  v ie w .
2 .4 .  Tho E f fe c t :  o f  C o m p o s itio n  on  475UC E m brifcb lem ent 
i n  F e r r i t i e  S t a i n l e s s  S t e e l s
i 475"C Km br i t t l o rnn n t
in L n n s iC ie s
n o  e f f e c t  i n t c n y i f i c s ^ ^
i n t o n s i  r i e o
lo w e rs  a l i q h t l y
i n t o n n i f i o j j
i n to n a i f h ! : !
low  am ounti: i n t u n a i f y
larcjL' timuuiiLo (ji 'c ro n n u
v e ry  s i i i j l i f . i u t f r i u i f i c - B ^
i n t e n o i  H er ;
s e v e r e  c o ld  w ork
in t u n u i f i f O  
v i i r i a b h ^ 1 ^
S y,  ^  )
( a )  H o g e r , 1951 .
( b )  G ro b n e r ,  1973
( c )  l-lii.ia oh ;\1 . , 196H.
( d )  T h io lo c h ,  1951
The r a t e  o f  f o m a t i o n  o f  o Jp lia  p r i m  it; n lo .v  and  d ooa  n o t  
p ro b le m s  i n  t h e  proccH SirK j o f  f v v n t i c  i l z i in lo n a  n t c u l i i .  
i s  known t o  i n c r c a u o  t hv r .il.u  o f  fr-ibr it. i I omen I . Au w ith  
w e ld in g  o r  a  h iy h - to m p u v n ! u r i ' tv ; : i ! - tn v ih n c n t  i o  u n l ik e ly  
473°C o m b r i t t l f jm a n t . ,  e von  in  n i t  u  il io r r i w hnrc  n - l a t i v t - l y  
tli ro tjijh  th o  e m b r i t t l i n ' i  t(.mjii'iMlh'-i; r .inyi- orru rr;. Ilriv/i’vc 
t i t a in l o i iu  liL onl;; wiLii muii- t.hrm chrrjuiluni lihnuld no! h 
p x to n d u d  s o r v i c o  b.tl.wcmti 37(1 iiir! I 'iO 'C , ( 'i ip i 'u i: il  1> i f  th e  
c y c le d  from  room t.cM iipi'rnlun: In  M.e nju-i'al. iin ; U w H -ru h irn  
p i'o cR aa  jjhu l-do ivrv j i;r  L<>ni|.Tal ui r  f x n i i—in it .,.
2 . 3 . 3 .  liU [i(-t(;irti)i‘ r=.il..ifi' f .m brit I li'im-nl . Wliun I c - r r i  t i c  t! 
i i t c o l ' j  w i th  moi-<: th a n  nbu u l I t o  cliroiniuffl n n ;  hi’aU u l above 
c o o le d  to  rnuin tnmpi.-ral u n - ,  Lhcy tn'i.-uinc i ;rn l) r itt  Iv ii (:;hnw
C o ld  w ork 
s ig m a  p h a s e , 
t o  p ro d u c e  
iilow  c o o l in g  
r ,  f e r r i t i e  
o uuod f o r  
a l l o y  i s  
d u r in g
l a i n l e s o  
9 !jOdC and  
a lo o s  o f
to u g h n e s s  end  d u c t i l i t y )  a n d  s u s c e p t i b l e  t o  i n t e r g r a n u l a r  c o r r o s io n .  
T h ese  e f f e c t s ,  w h ic h  h av e  b e en  b r i e f l y  r e f e r r e d  to  i n  a  p r e v io u s  
s e c t i o n  on th e  rO le  o f  c a r b o n  and  n i t r o g e n ,  c an  o c c u r  d u r in g  w e ld in g , 
jd o th e r m n l  h e a t - t r e n tm o n t s  ab o v e  91>0oC, and c a s t i n g  p r o c e s y u s .  As 
a  r e s u l t ,  h i g h - t e m p c r a t u r e  om britL lB tno rit hoo l i m i t e d  th e  muru 
e x t e n s i v e  u s e  o f  a i r - m e l t e d  f c r c i t i c  s t a i n a t o a l s .
I t  i s  g e n e r a l l y  a g re e d  t h a t  t h iu  form  o f  n in b r it l.le m e n t i s  due  t o  th e  
d e t r i m e n t a l  e f f e c t s  o f  chrom ium  c u rb id u ; :  and n i t r l d c u ,  and  i s  r e l a t e d  
t c  t h e  chrom ium  and  in to r o t .L t .lo L  u lu m u n l L e v e ls  p r e u e n t  i n  t h e  a l l o y s ,  
a s  w e l l  a s  t o  t h e  r a t e  o f  c o o l in g .  B a o r le c k e n  c ;t a l .  (1 9 6 1 )  s tu d i e d  
th e  e f f e c t  o f  chrom ium  in  vacuutn-m elL etj f e r r i t i c  u t .- i in l e s y  s t e e l s  and  
found  t h a t  t h e  l o s s  o f  to u g h n u s : ; due  to  a  h i g h - t r m p e r a tu r c  heafc- 
t r e a tm e n t  i n  a l l o y ; - suba i;(]uonL ly  a i r - c o o l e d  in c ru a a u d  w i th  chrom ium  
l e v e l .  The e f f o r t  w as fo u n d  to  bv v e ry  s m a l l  a t  t h e  16% chrom ium  
l e v e l .  The a u ’-n o ru  a s c r ib e d  tiiv  o n b r i t t l e n iD n t  to  th e  f a c t  t h a t  
chrom ium  I c v J s  t o  an  i n c r e n a c  i n  th t-  fiwot/nt a t ' c a r b i d e s  a n d  n i t r i d e s  
fo rm ed . The a;imts a l l o y ,  h o w u v er , when ro h o o te d  to  10SUliC and  w a te r -  
q u e n ch e d  show ed good  touc jhnpos duo to  nuppru iiE iion  o f  c a r b id e  and 
n i t r i d e  p r e c i p i t a t i o n .  A n o th e r  . in p o r t;m b  c o n c lu s io n  from  t h e  w ork 
o f  B a e r le c k e n  e t  o l .  i s  t i n t  g r o in  s i z e  h a s  l i t l l o  e f f e c t  on n o tc h  
im p a c t  b e h a v io u r  i n  h i g h - p u r i t y  u l l o y s .  Demo (1 9 7 7 )  ex am in ed  th e  
e f f e c t  o f  c o o l in g  r o t e  n f 'tc v  n h i i ] h - te m p e r a t u r e  h e a t - t r o a t m e n t  ( 1 1 0 0 aC) 
i n  c .o n v e n tia n n l  a n d  h i y h - p u r i t y  v u in b in t id  c a rb o n  :ind n i t r o g e n  o f  
180 ppm) f e r r i t i c  o to in l c B n  i ; l i 'n l u  rind found  t h a t  w a te r  ( [uenoh ing  o f  
t h e  co m m erc ia l s t o i n l o n u  i i t o e l  (T yp^ 4'«6) p ro d u c e d  a m arked  l o s s  o f  
d u c t i l i t y  ( e lo n g a t io n )  a l th o u g h  n i r  c o o l in g  d id  n o t .  No l o s s  o f  
d u c t i l i t y  was n o te d  wfwn thx1 h t< ]h - ( iu r ily  u l lo y ;;  w>re c i t h v r  a i r - o r  
w a t e r - c o o le d .
Demo (1 9 7 7 )  cmd [ia<!r le c k e ti e l  u l .  '  V 'tU ) , an.I !k-mehyfiheii i- t  a l .  (1 9 7 1 )  
i n t e r p r e t  I h e i r  re.'iiilL ii in  d i  I I 'e rc iii w nyn , t h e  l i r u t  two a u th o r s  
c o n r i id u r ln r j  r j ru in  m a t r ix  p m n i p i l  a l iu n  Ui he  i.he m a jo r  c a u u e  o f  th o  
om brL ttlom nnL  wlu.Tcan 5)eiiK:l'.ya(.hi'ii e t  a l .  r e l a l . e  i t  t t i  ( j r a in  b o u n d a ry  
p r o c i p i t a l . i o n .  T heae  I h r e n  a u l . l i - i i a r j v e e , haw e\ i-, i l i a l  c a r b io e  ond 
n i t r i d e  p r e c i p i t a t i o n  in  t h e  uau :.e  of I h e  em liri 11 lenient, a n d  t h a t  it. 
i s  v e ry  d e p en d e n t on tin ; l e v e l a  a f  c a rb o n  and  n i t r o g e n  p r e s e n t .
I t  w ould  o p p o a r  t h a t  th e  aumu p r u c ip H u L io n  m echanioiu (.'ou sing  t h i s  
fo rm  o f  o in b r i t t lo m e n t  l a  a l s o  re a p o m iib L n  f o r  th e  I n s o  o f  c o r r o s io n  
r e s i s t a n c e  Found when f e r r i t i n  o t a i t i l e o u  s t e e l s  a r c  h e a t e d  to  h ig h  
te m p e r a tu r e s .  Thu e f f e c t s  o f  h iy h -to n ip c rL iL u ro  u m h r i t t lo m e n t  c an  be 
r> .r c .a d  by h e a t in g  tin ; n l  to y  in  th e  te m p e r a tu r e  ra n g e  750 fcn 850°C , 
fo l lo w e d  by r a p i d  c o o l in g .
X. 4 . C o o lin t]  R a le
The to u g h n e s s  and  d u c t i l i t y  uT f c r r i . t . i c  s t a i n l e s s  s t e e l s  c an  be 
a f f e c t e d  by th e  r a l e  a t  w h ic h  c o o l in g  o c c u r s  friim  e l e v a t e d  s e r v i c e  
te m p e r a tu r e s ,  a s  a l r e a d y  d is c u s s e d  in  c o n n e c t io n  w i th  w e ld in g  and  b ig h -  
bem perafcurc  e m b r i i t i e m u n t .  The r a t e  a t  w h ic h  c o o l in g  o c c u r s  d u r in g  
f a b r i c a t i o n  c an  a  Lon s i g n i f i c a n t ,  ly  a ffe r iL  th o s e  p r o p e r t i e s .
The ap tjm um  Lough/icmu p r u p e r t i e s  i n  low  i n t u r s t i t i a l  f e r r i t i c  s t a i n l e s s  
s t e e l s  a r e  p r o d u c e d  by r a p i d  c o d i n g  from  th e  a n n e a l in g  te m p e r a tu r e  
ra n g e  o f  750  -  900"C . T h is  i s  due  to  t h e  f a c t  t h a t  r a p i d  c o o l in g  
s u p p r e s s e s  t h e  p r o c i p i t a f  io n  o f  c a r b i d e s  a n d  n i t r i d e s  and  d e l a y s  th e  
o n s e t  o f  475 "C cm bri t l l e u u - i h . in  s t n b i l i / e d  a l l o y s ,  w ork  by 
IJlim ax  M olybdenum (E ito iy n rw a ld  f t .  a l .  ,1 9 7 7 )  on th e  p o s t - w e ld  h e a t -  
t r u a tm e n t  o f  a t a b i l i z c d  I t iC r -2Mu a l l o y s  s l a i n h / c a  s t e e l  i n d i c a t e s  
t h a t  r a p i d  o o o U n ij i s  w ore  b e n e f i c i a l  th a n  s lo w  c o o l in g .  A lth o u g h  
th e  p r e c i p i t a t i o n  o f  chrom ium  c a r b i d e s  a n d  m l  r u i n s  i s  n o t  e x p e c te d  
i n  th e se : a l l o y s ,  ( '.rc tinu r (197.5) h a s  fo u n d  e v id e n c e  f o r  ouch  
r e a c t i o n s  a n d  t h i s  «;>>• h e  D ie r e a s o n  why r a p id  c o o l in g  io  more 
S i e n c f i c ln ] .
M ost o f  ti i e  r a f ic t  io/if. in v o lv i n g  I lie  p r e r i p i  t a t  io n  o f  d e t r i m e n t a l  
in te r m c l f i l  1 i.e cum pounds n n u u r  s lo w ly  ind a r c  t h e m  f o r e  n o t  e x p e c te d  
to  i n f l u e n c e  I he  p r u iv n s h ig  o f  f e r r U l c  id  m n l f s s  s t e e l s  u n d e r  
convoiit.Liiii/i.! f a b i ' i c a t  im i c o n d i!  in / i s .  II s h n u h i  h e  rem e m b e re d , 
h o w ev e r, t h a t  o e r l . / i in  a l l o y i n g  c le m i-n ls  in e n a i s e  th e  r o t e  o f  
p r e c i p i t a t i o n  r e / i e l . i u n a  and i f  p r e s e n t  m  e u f ' f i e i e n l  a m o u n ts  may 
bcuomc im port a n t d u r in g  f a b r i e i i l  m u .  As a  i-eeuN  , I fie  Intv 
c o o l in g  o f  s u p c r f e r r i . t . i u  td .a i .n ie s s  s t e e l s  in  th e  ran tje  51)1) -  85()°C 
s h o u ld  be iivo idurj and  i s  th e  r e a s o n  why r a p id  e n u l in g  io  p r e f e r r e d  
h i  c o n t r a s t  t o  th e  l o n g  i s o th e r m a l  a n n e a l  u s e d  f o r  Type 4.'5G.
3 . EFFECT OF VANADIUM ANU OTHFR ELEMENfS QM Till
tCCHANICAL PROPERTJES 01 FERRi TIC STAINLESS 
STEELS
The e f f e c t s  o f  t h e  a l l o y i n g  e le m e n ts  m olybdenum , t i t a n iu m  and  n iob iu :.-  
h a v e  be en  d e s c r ib e d  i n  some d e t a i l  i n  t h e  p r e v io u s  s e c t i o n  a n d  v / i l i  r ,v . 
b e  c o n s id e r e d  h e r e .  To su m m n ri/e ,  molybdenum  up to  2 to  3% h a s  v e ry  
l i t t l e  i n f l u e n c e  on th e  m echanic  1 p r o p e r t i e s  o f  s t a i n l e s s  s t e e l  , 
b e in g  p r e s e n t  l a r g e l y  t o  im p ro v e  th e  c o r r o s io n  r e s i s t a n c e .  I n  e x ce -  
o f  3 t o  4?o, h o w e v e r, m olybdenum  r e d u c e s  t h e  to u g h n e s s  o f  f e r r i t i c  
s t a i n l e s s  s t e e l s  due  to  t h e  f o rm a t io n  o f  e m b r i t t l i n g  p '-c io cs . T i ta n in ;  
a n d  n io b iu m  a r e  p r e s e n t  i n  low  c o n c e n t r a t i o n s  i n  s t a i n l e s s  s t e e l s  *c 
s t a b i l i z e r s  t o  com b ine  w i th  c a rb o n  and  n i l r o y e n ,  th u s  p r e v e n t in g  thf. 
p r e c i p i t a t i o n  o f  chrom ium  c a r b i d e s  w h ich  le a d  t<. i n t c r g r n n u l a r  
c o r r o s i o n .  U nder n o rm a l p r o c e n s in c j  c o n d i t i o n s  in  IS C r-Z tlo  a l l o y s  
( a n n e a l  a t  815"C f o l lo w in g  by w a te r  i ju e n c h in g ) , t i t a n i u m  r a i s e s  th e  
im p a c t  t r a n s i t i o n  te m p e r a tu r e ,  b u t  n iobeuin  lo w e rs  t h i s  te m p e r a tu r e .  
N iobium  h a s  t h e  d e t r i m e n t a l  e f f e c t  o f  c a u s in g  h o t - c r a c k in g  i n  s t a i n l e s s -  
s t e e l s .  B o th  e le m e n ts ,  when p r e s e n t  i n  t h e  c o r r e c t  a m o u n ts , im prove  
th e  to u g h n e s s  o f  f e r r i t i c  s t a i n l e s s  s t e e l s  w h ich  h av e  b e e n  h e a te d  
to  a  h ig h  te m p e r a tu r e ,  a s  i n  w e ld in g .
3 .1 .  Vanadium
V anadium  h a s  b e e n  c o n s id e r e d  a s  an  a l l o y i n g  e le m e n t i n  11-12%  chrom ium  
s t e e l s  and  i n  a u s t e n i t i n  s t a i n l e s s  s t e e l s  l a r g e l y  from  th e  p o i n t  o f  
v iew  o f  im p ro v in g  th e  c r c e p - r u p l u r e  p r o p e r t i e s . A v e ry  l i m i t e d  am ount 
o f  r e s e a r c h  h a s  b e en  c a r r i e d  o u t  cm f e r r i t i c  s t a i n l e s s  s t e e l s  w here  
t h e  e f f e c t  o f  vanad ium  on th e  t e n s i l e  and  im pact p r o p e r t i e s ,  on 475°C 
e m b r i t t l e m e n t  and  a s  a s t a b i l i z e r  h a s  be en  i n v e s t i g a t e d .
T he l a r g e s t  u s e  o f  van ad iu m  i s  a s  ,ut a l l a y  i ] emeu I in  h i g h - s t r e n g t h  low - 
a l l o y  s t e e l  r; w here  i t  c o m b in e s  w i th  c a rb o n  i t .  r u m  h a r d ,  s t a b l e  c n r b id c s .  
T hose  a r c  a lw -v s  m inuter and  e v e n ly  d i s p e r s e d  and  h av e  a c o n s id e r a b l e  
i n f l u e n c e  on th e  g r o in  s i / e  o f  I In- s t  r e ! . I I  h a s  b e e n  shown t h a t  
s m a l l  q u a n t i t i e s  of van ad iu m  . i n h i b i t  I Iv- I r n d rn r y  o f  chrom ium  c a r b id e s  
t o  a g g lo m e r a te .  V anadium  th u s  h a s  a c o n s id e r a b l e  o f f e e l  on th e  
d u c t i l i t y ,  f a t i g u e  s t r o n c i th  and  n o tc h  s e n s i t i v i t y  o f  h i g h - t e n s i l e
chrom ium  and c ;:c  im im n - tu n g s te n  s t e e l s  w h ic h  a r e  v e ry  d e f i c i e n t  i n  
th o s e  p r o p e r t i e s .
3 . 1 . 1 .  C a r b id e s  a n d  N i t r i d e s  f o r med . The s o l u b i l i t y  o f  c a rb o n  and
n i t r o g e n  i n  f e r r i t e  i s  some t e n  t im e s  lo w e r  th a n  i n  a u s t e n i t e  a t  room 
te m p e r a tu r e .  B e ca u se  o f  t h i s  low  s o l u b i l i t y ,  a lm o s t  a l l  t h e  c a rb o n  and 
n i t r o g e n  i n  f e r r i t i c  s t a i n l e s s  s t e e l s  a r e  p r e s e n t  i n  t h e  form  o f  
p r e c 'o i t a t e s  a t  room  te m p e r a tu re  i n  s lo w ly  c o o le d  a l l o y s .  The 
d o m in a n t c a r b id e  i n  c o n v e n t io n a l  f e r r i t i c  s t a i n l e s s  s t e e l s  i s  t h e  
M23C6 t y p e ’ w i th  ^  r e p r e s e n t i n g  m o s t ly  chrom ium , and  th e  r e m a in d e r  
b e in g  i r o n .  I n  t h e  p r e s e n c e  o f  o th e r  c a r b id e  f o rm e r s ,  i s  o f t e n
fo u n d  i n  c o m b in a t io n  w i th  o th e r  c a r b i d e s ,  and  chrom ium  i s  p a r t i a l l y  
r e p l a c e d  by th e  in c o m in g  c le m e n t:;  e . g .  ( C r , f e ,  M o ) ^ ^ .  N i t r o g e n  i s  
l a r g e l y  p r e s e n t  a s  Cr^N in  F e -C r  s t a i n l e s s  s t o o l s .
The c a r b i d e s  and  n i t r i d e s  fo rm ed  i n  f e r r i t i c  s t a i n l e s s  s t e e l s  c an  be  
d i s s o l v e d  by h e a t i n g  above  a b o u t  M W C , w i th  n i t r i d e  g o in g  i n t o  
s o l u t i o n  f a s t e r  th a n  th e  c a r b i d e .  On a low  c o o l in g  from  s o l u t i o n  
te m p e r a tu r e s  t h e  c a r b id e  p r e c i p i t a t e s  f i r s t ,  t h i s  p r e c i p i t a t i o n  
o c c u r r i n g  p r e f e r e n t i a l l y  a t  t h e  g r a i n  b o u n d a r i e s .  As a c o n s e q u e n c e , 
i n t e r g r a n u l a r  c o r r o s io n  i s  c l c i s c h  r e l a t e d  t o  g r a in  b o u n d a ry  c a r b id e  
p r e c i p i t a t i o n .  The n i t r i d e  p r e c i p i t a t e s  o c c u r  a lo n g  th e  g r a in  
b o u n d a r ie s  o n ly  when th e  c a r b o n  c o n te n t  i n  v e ry  lo w . P r e c i p i t a t i o n  
of" c a r b id e s  and  n i t r i d e s  can  b e  :.i;:>n>;;ued i n  f e r r i t i c  s t a i n l e s s  s t e e l s  
by r a p i d  q u e n c h in g  o n ly  i n  th e  cn;;-' o f  v e ry  low  c a rb o n  and  n i t r o g e n  
c o n t e n t s .
O th e r  fo rm s o f  c a r b id e  p r e c i p i t a t i o n  in  a d d i t i o n  to  th e  ty p e  ,
ou ch  a s  MC, c a n  o c c u r  when s t r u n g  j L a b i l i r i n g  e le m e n ts  a r e  p r e s e n t  
( e . g .  t i t a n i u m ,  n io b iu m  and  v a n a d iu m ) , lit: c a r b i d e s  u s u a l l y  p r e c i p i t a t e  
i n t r a g r o n u l a r l y ,  a l th o u g h  u n d e r  w v  c o n d i t i o n s  p r e e i f i i h - i io n  n t  
g r a i n  b o u n d a r ie s  c an  o c c u r .  Van „ :u r., i s  known In  o c c u r  a s  \  .C ,  in  
a u s t c n i t i c  s l .n i n h  s l c n l s  and  - r i l l s  p r e c i p i t a t e s  un d i s l o c a t i o n s
and  s tn c k im i  I'nuU  sunn-wh.il. s n . i '  i r  t o  111.' c a r b id e s  'N o v a k , 1 9 7 7 ) .
An e s s u r .1 i a l  d i l  f e r c n c c  bol ween iinlylitlvnuni and  vanad ium  i s  I ha t 
•lybdenum  re m a in s  I n rg n ly  it ,  s o l  n i- : ,u lu l  io n  w h e re a s  vnn.idtum  o c c u r s  
b o th  i n  s o l i d - i i o l u t i o n  and  a s  a p r e c i p i t a t e .  U nder c o n d i t i o n s  o f
s.'.ow c o o l in g  m olybdenum  con  o c c u r  oo a p r e c i p i t a t e ,  u s u a l ly  th e  kappa  
c a r b id e  (FeC rH o)g^C ^., o r  c an  fo rm  in to r in ij t:a l I in  com pounds su c h  a s  th e  
s ig tn o  and  c h i  p h a se :; u n d e r  c e r t a i n  te m p e r a tu r e  c o n d i t i o n s .
V anadium  i s  a s t r o n g e r  n i t r i d e  a n d  c a r b id e  fo rm er  th a n  m olybdenum 
(m olybdenum  i s  a  p a r t i c u l a r l y  weak n i t r i d e  fo rm e r )  and  t h e r e f o r e  
p r e c i p i t a t e s  a s  b o th  c a r b id e  ( u s u a l ly  V^C^) and n i t r i d e  (VN) u n der 
s u i t a b l e  c o n d i t i o n s .  The m e c h a n ic s  o f  vanad ium  n i t r i d e  F o rm a tio n  in  
s t a i n l e s s  s t e e l s  h av e  n o t  be en  d i s c u s s e d  i n  a s  much d e t a i l  i n  t h e  
l i t e r a t u r e  a s  f o r  van ad iu m  c a r b i d e ,  b e c a u s e  c a r b id e  f o r m a tio n  i s  th e  
r e q u i r e d  s t r e n g t h e n i n g  m echan ism  For c r e e p  r e s i s t a n c e .  The n i t r i d e  
f o rm in g  p r o p e r t i e s  o f  v a n ad iu m , h o w e v e r, a r e  u s e d  i n  l u w - a l l o y  h ig h -  
s t r e n g t h  s t e e l s  w h ere  V -e n i t r i d e  p r o d u c e s  a  f i n e  f e r r i t e  g r a in  s i z e  
a n d  o c c u r s  a s  a  c a r b i d e  o r  c o r b u n i t r i d a  p r e c i p i t a t e  i n  t h e  f e r r i t e  
( S a g e ,  1 9 7 6 ) . In  a u s t c n i t i c  s t a i n l e s s  s t e e l s ,  s m a l l  a d d i t i o n s  o f  
van ad iu m  (0 .9 % ) p r o d u c e  c r e e p - in d u c e d  p r e c i p i t a t i o n  o f  VN^ x i n  t h e  
m a t r ix  and  on d i s l o c a t i o n s .
The th e rm odynam ic  s t a b i l i t y  o f  v a r io u s  a l l o y '  d e m e n t c a r b id e s  and  
n i t r i d e s  h a s  im p o r ta n t  c o n s e q u e n c e s  f o r  t h o r .  l i c e  a s  s t a b i l i z e r s  
i n  s t a i n l e s s  s t e e l s  ( F ig u r e  3 . 1 ) .  The r e l a t i v e  p o s i t i o n  o f  vanadium  
i n  t h i s  f i g u r e  i s  im p o r ta n t  i n  th e  i n t e r p r e t a t i o n  o f  t h e  d i f f e r e n t  
p r e c i p i t a t e s  t o  b e  e x p e c te d  in  s v a i ^ l c s o  s t e e l s .
The a u th o r  i s  n o t  nv /nrr o f  any  w ork on p h a s e - f i " i d s  in  th e  i r o n  -  
18% ch rom iu m -v a n aU iu m -c iirb o n  s y s te m . The f e - C r -V  sy s te m  h a s  been  
ex am in ed  by M a rte n s  and  Duwev ( 1 9 C )  who c o n s t r u c t e d  a s i n g l e  i s o ­
th e rm a l  s e c t i o n  a t  IW 'V .  ( F tq u r i  3 . . ’ ) .  S lg n a  p h a s e  i s  fo und  t o  be  
c o n t in u o u s  a c r o s s  th e  f i g u r e .  The i r o n  c o r n e r  o f  th e  Fe-V -C  sy s te m  
i s  show n in  F ig u re  3 .3 .  The p r o p o r t i o n  o f  V .C ,  i s  s e e n  to  in c r e a s e  
a s  t h e  c a rb o n  le v n l  d r o p s , t o  t im  e x t e n t  th a t,  be low  a b o u t  0 .03%  c a r b o n , 
vanad ium  in  c rim p le In ly  s o l u b l e  in  f e r r i t e  and  no c a r b id e  i s  fo rm ed .
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c .irbicif.’U iind n i i r i d o s -  ( S c h ic k ,  1 9 6 6 ) .
Fig 3 11. Isothermal wilion at TOO'C fnr the system V-Fe-Cr.
F i g u r e  3 . 2 .  I s o th e r m a l  s u c t io n  a t  700°C f o r  th e
F e -C r-V  s y s te m .( M a r te n s  and  Duwez, 1 9 5 2 ) .
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P u b l i c a t i o n s  w h ich  h a v e  ex am in ed  th e  e f f e c t  o f  vnnoclium on th e  a g e in g  
b e h a v io u r  o f  s t a i n l e s s )  s t e e l s  w i th  c a rb o n  c o n t e n t s  o f  0.1 to  0. 2% a r e  
Q d e s s k i i  e t  e il . (1 9 7 8 )  a n d  A rg e n t e t  a l .  (1 9 7 0 )  ( f o r r i t i c  a l l o y s ) ,  and  
S i l c o c k  ( 1 9 7 3 ) ,  S h in o d a  t;L a l .  ( 1 9 7 3 ) ,  I r v i n e  c l  a l .  ( 1 9 6 1 ) , I r a n i  and  
W eine r (1 9 6 5 )  a n d  B o ry y ru u n  nnd T h o lo n  (1 9 7 6 )  ( a u s t n n i t i c  a l l o y s ) . 
Q d e s s k i i  e t  a l .  found  t h n t  the* a d d i t i o n  o f  t i t a n iu m  and  vanadium  
(1 -1 .5 % )  to  a  17% chrom ium  a l l o y  c o n ta in i n g  0 .1%  c a rb o n  c o m p le te ly  
s u p p r e s s e d  th e  a lp h a  t o  gamma t r a n s f o r m a t io n  a t  th e  g r a i n  b o u n d a r i e s ,  
th u s  im p ro v in g  d u c t i l i t y .  M ic ro p ro b e  e x a m in a t io n  r e v e a l e d  t h a t  
t i t a n i u m  o c c u r s  a s  s t n b l u  c a r b i d e s  w h i le  vanad ium  i s  fo und  m a in ly  i n  
a lp h a  s o l i d - s o l u t i o n .  The o n ly  p u b l i c a t i o n  w h ich  h a s  ex am in ed  low  
c a r b o n  and  n i t r o g e n  Ic -v u ls  m ore i n  l i n e  w ith  tlio u u  o f  th e  p r e s e n t  s tu d y  
i s  t h a t  o f  I r a n i  a n d  W ein e r  ( 1 9 6 5 ) , I n  th r-  a g e in g  a t  G0G-90Q°C o f  a 
20C r-2 5 N i s t a i n l e s i s  a te t.- l  c o n t a in i n g  4 . '<% v anad ium  ond tw o c a rb o n  
l e v e l s . 0 .0 2  and  0 .15% , th e  e q u i l i b r iu m  p r e c i p i t a t e  was a  C r-V -F e 
s ig m a  p h a s e . I n  t h e  a l l o y  w ith  th e  h ig h e r  c a rb o n  l e v e l , sigm a 
p h a se  w as p r o c e e d e d  by Ihn  p r e c i p i t a t i o n  o f  vanad ium  c a r b i d e ,  V ^C y
To su m m a r iz e , v a n ad iu m  o c c u r s  b u l l i  a s  a  p r e c i p i t a t e  and  i n  s o l i d -  
s o l u t i o n  i n  s c a in h ' . i . i  :sl .e e l t i -  In  th e  a g e in g  o f  s t a i n l e s s  s t e e l s  w ith  
m o d e ra te  c a rb o n  a n d  h ig h  van ad iu m  (o v e r  25 ) l e v e l s ,  vanad ium  a s  found  
t o  r e s t r i c t  t h e  f o r m a l im  o f  th e  pha ';n  in  a d d i t i o n  t o  s t a b i l i z i n g
i t  i n  a  f i n e l y  d iv id e d  h i t n  p re su m a b ly  b e c a u se  v a n r i iu m  r e t a r d s  th e  
d i f f u s i o n  o f  chrom ium  m  th e  f v r r i L e ,  a  p rc ro n s i w h io i  m ust hake  p l a c e  
i f  c o a r s u n in g  o f  the . ciivbixi-s i;> t o  ovuu i1. In  low  c a r b o n  ( 10U ppm) 
f e r r i t i c  u t a i n l e s n  s t e e L i  p ro ce a iic ’d i n  t h e  n o rm al way ( s h o r t  a n n e a l  
a t  85D“C f o l lo w e d  by  w a te r  g u r n c h in g )  much o f  th e  vanadium  i s  e x p e c te d  
t o  r e m a in  in  s o l i d - s u l u l i m  and  any vanad ium  t h a t  d o e s  p r e c i p i t a t e  
w ou ld  f i r s t  do s o  a:; a  n i t r i d e  n r  c a r b o n L lr i d e  a tnl o n ly  s u b s e q u e n t ly  
e n t e r  i n t o  th e  C r-V -I e s ig m a  p h a a e , a n d  u t in j r  c a r b id e  p h a s e s .
3 . 1 . 2 .  Mi-‘( ^ ia n ic a 1 I'r u p r i  t ■( : i . Ih ;'  a u t.h u r  i s  aw are  o f  o n ly  fo u r  
s o u r c e s  o f  in fo rm a l .in n  n ' l a l i n . j  h i  I h f  i - r i t v l  o f  vanadliin i on th e  t e n s i l e  
a n d  toughrin:;^, p ro p c-rl iiv , n f  f i 'i  r i l j e  r i l a in l c a : ;  a l e i ' l a ,  th e iu i b e in g  
u n p u b l i s h e d  d a t a  by C Iim ax M olybdenum and M idde lbu rcj S t e e l  and  A llo y s  
( S o u th  A f r ic a )  ( S c u r r ,  197H), and  p .ip e rs  by  S.ipci;i e t  a l .  (1 9 7 2 )  and 
A slu n d  ( 1 9 7 7 ) .  C lim ax  H utybdenum  d e te r n i in e d  th e  e f f e c t  o f  up to  3% 
vanad ium  i n  H I-24% chrom ium  n l .a in l e a s  : i t f i ‘l s  w i th  a com bined  c a rb o n
a n d  n i t r o g e n  l e v e l  o f  300 ppm. The t u n a i l e  p r o p e r t i e s  and  im p a c t 
t r a n s i t i o n  te m p e r a tu r e  f o r  t h e  a l l o y s  a r e  nhown i n  T a b le  3 . 1 , a n d  shown 
f o r  c o m p a r iso n  i n  T a b le  3 .2  a r e  th e  same p r o p c t i e s  f o r  th e  a l l o y s  
c o n t a i n i n g  m olybdenum . A c o m p a r iso n  o f  t h e s e  t a b l e s  show s t h a t  
van ad iu m  h a s  tw o v e ry  b e n e f i c i a l  e f f e c t s  when com pared  t o  m olybdenum : 
i t  lo w e rs  t h e  im p a c t  t r a n s i t i o n  te m p e ra tu re : and  p ro d u c e s  good d u c t i l i t y  
i n  th e  a s -w e ld e d  c o n d i t i o n .  C lim ax  Molybdenum h av e  s u g g e s te d  t h a t  
t h e s e  r e s u l t s  a r e  due  t o  th e  im p ro v e d  g r a i n  r e f i n i n g  p r o p e r t i e s  o f  
v a n ad iu m  com pared  to  m olybdenum . The t e n s i l e  s t r e n g t h s  f o r  b o th  
s o t s  o f  a l l e y s  o f  th e  sam e a l l o y  c o n te n t  a r e  s i m i l a r ,  a l th o u g h  th e  
v a lu e s  i n  t h e  c a s e  o f  m olybdenum  a r e  a l l  s l i g h t l y  h ig h e r .
A slu n d  (1 9 7 7 )  exam in e d  th e  e f f e c t  o f  1 .1%  vanad ium  in  Type 444 s t a i n ­
l e s s  s t e e l  m a in ly  from  th e  p o in t  o f  v iew  o f  s t a b i l i z a t i o n .  T a b le  3 .3  
show s t h a t  van ad iu m  lo w e rs  th e  im p a c t t r a n s i t i o n  te m p e r a tu r e ,  th u s  
c o n f i r m in g  th e  r e s u l t  o f  C lim ax  M nlybdonum .
H id d  Ib u rg  S t e e l  a n d  A llo y s  ( S c u r r ,  1 9 7 0 )  h a v e  c a r r i e d  o u t  a  
p r e l i m i n a r y  i n v e s t i g a t i o n  i n t o  th e  u s e  o f  vanad ium  in  12C r-G -03C  a l l o y s .  
I t  was c o n c lu d e d  t h a t  van ad iu m  a t  a  l e v e l  o f  6(C+N) han  a  b e n e f i c i a l  
e f f e c t  on th e  im p a c t s t r e n g t h  o f  th e  a n n e a le d ,  t i t a n i u m - f r e e  s t e e l .  
V anadium  w as n o t  fo u n d  La bn a s  e f f e c t i v e  a s  t i t a n iu m  in  r e t a r d i n g  
t h e  l o s s  o f  im p act s t r e n g t h  su f T o re d  by th e  s t e e l  a f t e r  a h ig h -  
te m p e r o tu r e  h u a t - t ro a t im .- n t . T h ere  w orn i n d i c a t i o n s , h o w e v e r, t h a t  
h ig h e r  van ad iu m  l e v e l s  a m  m om  e f f e c t  iv e  i n  t h i s  r e g a r d ,  and i t  was 
s u g g e s te d  t h a t  a  m ixed  s t n h i l i / n t l n n  c o n s i s t i n g  o f  low  t i t a n i u m  and 
h ig h  v a n ad iu m  l e v e l s  may show  p ro m is e .
V anadium  i s  found  to  h av e  n b e n e f i c i a l  e f f e c t  on th e  a s -w e ld e d  
d u c t i l i t y  a n d  c o r r o s io n  r e s i s t  o n c e  o f  28-36% chrom ium  s t a i n l e s s  s t e e l s .  
S ip o s  o t  a ) .  (1 9 7 2 )  ro p n rJ  thoL  I h e  a d d i t i o n  o f  up to  1.3% o f  vanadium  
( o r  o t h e r  c le m e n t ': ,  ou ch  o s  c o p p e r )  had  th e  same e f f e c t  on th e s e  
p r o p o r t i o n  a s  o low in i  e r u t  U in i  l e v e l  o f  t ‘> ppm.
3 .1 .5 .  _ 0 :( ltH .jj/a l itin  . V anadium  can  he u se d  a s  a s t a b i l i z e r  b e c a u se  
i t  i s  a  s t r o n g  c a r b id e  and n i t r i d e  f o rm e r .  H ow ever, b e c a u s e  i t  o c c u r s  
b o th  i n  s o l i d - s o l u t L n n  and a s  a p r e c i p i t a t e ,  a  h ig h e r  vnnodium  l e v e l
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Table.' J . 3 .  :.M ucL  oF S ln l.n l  L znt io n  w ith  V anadium  and
oL her E lcm enba  on the; i m pact P r o p e r t i e s  o f  
18Cr-2M o f e r r t t x c  S t a i n l e s s  S t c e l a ^ a ^ (A s lu n d , 1 9 7 7 ) .
T r n n o i t io n  S h e l f  E n erg y
S L a L u liz e r  fa ru m im m tu re  ( " C ) ^ ^  - l/cm 1
NL 3 + 20 ZOO
:tv 0  3 +  95 120
Nb+A.! 0 .3 + 0 .2  + 5 200
l . 10 -  10 220
V+f.i l .  Id - +  65 1B0
i’ .liVi vilutufc, h u t  ro )  l i ’d  und v/nl u r  quD nefiud. C -h N = 250 ppm 
Minimum l.i^ fi.’i 'a L iin ’ f u r  i'.S .Vcni^
Thu o l ' f u c t  (](' f u c k ii l  nn Ihn  ini|>iii'l tuucjhiuniii o f  
vficuum -mnH.nd Z5SJ c-hfrjiniiim i i l n in lo w ;  sitiHvlii c o n ta in i n g  
500 ppm c iirh cm . r u l l - i i i x o .  .10 nnt D in rp y  V -n u teh  
fippcirno.n: u iiu il, (f lo n s u n  nml Mayiii-n . IV ilti) .
i s  r e q u i r e d  t o  g iv e  t h e  some d e g re e  o f  s t a b i l i z a t i o n  a s  t i t a n iu m  o r  
n io b iu m . T i t  n ium  and  n io b iu m  p r e c i p i t a t e s  a r e  s t a b l e  t o  h ig h e r  
t e m p e r a tu r e s  th a n  th o s e  o f  van ad iu m  w h ich  form  i n  t h e  te m p e r a tu re  
r a n g e  65O-fl0O°C. A n n e a lin g  an F o -C r-V  a l l o y  a t  05rj°C For a  s h o r t  
p e r io d  fo l lo w e d  b> w a te r  q u e n c h in g , w ould  r e s u l t  i n  t h e  d i s s o l u t i o n  o f  
a  l a r g e  p e r c e n ta g e  o f  th e  van ad iu m  p r e c i p i t a t e s ,  ' j in c e  t i t a n iu m  (en d  
n io b iu m )  p r e c i p i t a t e s  a r e  s t a b l e  a t  h ig h  te m p e r a tu r e s  ( o v e r  100a°C) 
a n n e a l in g  an  F e -C r -V -T i a l l o y  u n d e r  th e  same c o n d i t i o n s  w ould n o t 
d i s s o l v e  t h e s '  p r e c i p i t a t e s .  A c e r t a i n  am ount o f  vanad ium  may be 
p r e s e n t  i n  t h e  h ig h  te m p e r a tu r e  p r e c i p i t a t e s  b e c a u s e  vanadium  Forms a 
c o n t in u o u s  s o l i d - o o l u t i o n  s o r i e r  w i th  t i t a n i u m  o r  n io b iu m .
V anadium  i s  n o t  p r e s e n t  a s  u s t a b i l i z e r  in  c o m m e rc ia l ly  p ro d u ce d  
s t a i n l o s  s t e e l s .  D e f i l i p p i  and  R u iz  (1V 76) p a t e n t e d  a m a r t e n s i t i c  
s t a i n l e s s  s t e e l  u t i l i z i n g  van ad iu m  in s t e a d  o f  t i t a n i u m  a s  t h e  c a r b id e  
F o rm e r . B e ca u se  th e  c a r b i d e s  and  n i t r i d e s  o f  van ad iu m  a r e  more 
s o l u b l e  i n  s t a i n l e s s  s t e e l  th a n  tl io  =e o f  t i t a n iu m ,m o r e  c a rb o n  and 
n i t r o g e n  i s  a v a i l a b l e  d u r in g  s o l i d i f i c a t i o n  to  p r e v e n t  th e  fo rm a tio n  
o f  d e l t a  f ° r r i t e  i n  t u r n  r e d u c in g  th e  am ount o f  n i c k e l  n e c e s s a r y  
f o r  t h i s  p u r p o s e .
The u s e  o f  vanad ium  a s  a  s t a b i l i z e r  h a s  be en  r e f e r r e d  to  i n  th e  p r e v io u s  
s e c t i o n  ( 3 . 1 . 2 . ) .  A c c o rd in g  t u  A :.k ind  (1.777), van ad iu m  show s p ro m ise  
a s  a  s t a b i l i z e r  i n  an  10C r -2M n -l. IV v .t.-n n Je ss  s t e e l  b u t  h a s  t h e  d ra w -  
fcsuk t h a t  i t  d o e s  n o t  p r e v e n t  i n i c r q r u n u l a r  c o r r o s io n .
'  1 A7 r’uC E m b r i t t l e m e n t . S t ro n g  c a r b id e  fo rm e rs  ( e . g .  t i t a n iu m
an.I n io b iu m )  a r c  known to  i n c r e a s e  t h e  r a t e  o f  4 7 3 " C e m b r i t t le m e n t  
( ia  i l e  2. 4. ) .  V anadium , h o w e v e r, i s  r e p o r t e d  to  h a v e  a  b e n e f i c i a l  
e ’ fr. : t  i n  d e c r e a s in g  t h i s  e m b r i t t l e m e n t  O-lima o f  a l .  ,1961!). T h is  
v r u u l t  h a s  b e e n  c o n f ir m e d  by K n u t r m e n i  e t  n l .  (1 9 7 4 )  in  t i t a n iu m -  
t i r i b i l i z n d  17% chrom ium  s t a i n l e s s  s t e e l s  b u t  o n ly  a b o v e  a vanadium  
cone;; i t r a t i o n  o f  a b o u t  1.9% . Up to  1. 2% ,vannr|ium  a c t u a l l y  i n c r e a s e d  
th e  i n t o  o f  aqe-h .-e -dnn ing  a I 4 7 9 " f . an  e f f o r t  w h ich  wan a s c r ib e d  to  
van ad iu m  s u b s t i t u t i n g  f o r  i r o n  o r  chrom ium  in  th e  p r e c i p i t a t i n g  p h a s e  
o r  ir c T .o n s in g  th e  am ount o f t h i s  pi u s e .
3 . 2 .  N ic k e l
3 . 2 . 1 .  M e c h a n ic a l P r o p e r L iu s  . N ic k e l  i s  w e l l  known to  h a v e  a  
b e n e f i c i a l  e f f e c t  on th e  m e c h a n ic a l  p r o p e r t i e s  o f  f e r r i t i c  s t a i n l e s s  
S t e e l s  ( i n  p a r t i c u l a r  on th e  im p a c t t r a n s i t i o n  t e m p e r a tu r e )  i n  
a d d i t i o n  t o  im p ro v in g  g e n e r a l  c o r r o s io n  r e s i s t a n c e .  One o f  t h e  r e a s o n s  
i t  i s  n o t  a d d ed  to  f e r r i t i c  s t a i n l e s s  s t e e l s  ( i n  s m a l l  a m o u n ts )  i s  t h a t  
i t  c a u s e s  s u s c e p t i b i l i t y  t o  s t r e a s - c o r r o o i o n  c r a c k in g ,  e s p e c i a l l y  i n  
t h e  p r e s e n c e  o f  m olybdenum .
R e s e a r c h  on t h e  e f f e c t  o f  n i c k e l  h a s  c o n c e n t r a te d  on th e  h ig h -ch ro m iu m  
f e ’ r i t i c  s t e e l s  (25% chrom ium ) b e c a u s e  Lhr.y c an  d i s s o l v e  m ore n i c k e l  
i n  'h e  m a t r ix  w ith o u t  fo rm in g  a u s t e n i t c .  The p r e s e n c e  o f  a u s t e n i t e ,  
how ev-T . c an  h av e  a  b e n e f i c i a l  e f f e c t  on th e  im p a c t p r o p e t i e s  a s  shown 
by F - o r e e n  a n d  H ayden (1 9 6 B ). f i g u r e  3 .5  i l l u s t r a t e s  t h e  m arked 
e f f e c t  o f  n i c k e l  i n  l o w - i n t e r s t i t i a l , 25?i chrom ium  f e r r i t i c  s t a i n l e s s  
s t e e l s .  The im p a c t t r a n s i t i o n  te m p e r a tu r e  was found  to  be lo w e re d  to  
a  g r e a t e r  d e g re e  th a n  e x p e c te d ,  a  f e a t u r e  w h ic h  th e  a u th o r s  s u g g e s te d  
m ig h t b e  c a u s e d  by th e  e f f e c t  o f  n i c k e l  in  r e d u c in g  th e  e x t e n t  o f  th e  
e m b r i t t l i n g  r e a c t i o n  d u r in g  c o o l in g .
O th e r  p u b l i c a t i o n s  w h ic h  h av e  n o te d  t h e  e f f e c t  o f  n i c k e l  i n  r ,p r o v i n g  
to u g h n e s s  a r c  th o s e  by D kada e t  a l .  ( 1 9 7 3 ) ,  B r a n d is  e t  a l .  ( 1 9 7 7 ) ,
Bund e t  a i .  (1 9 7 7 )  a n d  A silund ( 1 9 7 7 ) .  Okadu e t  a l .  and  Bond e t  a l .  
show ed  t h a t  t h e  e f f e c t  o f  n i c k e l  on I he im p a c t t r a n s i t i o n  te m p e r a tu r e  o f  
25 t o  2ti% chrom ium  -  m olybdenum  a l l o y s  dep en d e d  nn th e  r a t e  o f  
c o o l in g ,  w i th  r a p id  c o o l in g  p r o d u c in g  a lo w e r  t r a n s i t i o n  te m p e r a tu r e .
In  t h e  w ork o f  Bond e t  a l . ,  n i c k e l  w as found  t o  bo b e n e f i c i a l  ab o v e  a 
c o n c e n t r a t i o n  o f  2% in  25 fir -  Mo -  ll.O lC  a l l o y s ,  w ith  h% n i c k e l  
lo w e r in g  t h e  im p a c t t r n r r i i l i n n  te m p e r a tu re  by KHVC com pared  t o  th e  
n i c k o J - f r c i ;  a l l o y .
R e g a rd in g  t h e  o f fo u t  nn th e  t e n s i l e  p r o p e r t i e s ,  A slu n d  (1 9 7 7 )  found  
t h a t  4% n ic k o l  in c t e n s e d  th e  y i e l d  s t r e n g t h  and  d e c r e a s e d  th e  
e l o n g a t i o n  ( fro m  25 to  :dl%) i n  a  29% chrom ium  s t a i n l e s s  s t e e l .  N ic k e l  
a l s o  had  a s t r o n g  in f lu e n c e  sin th e  m e c h a n ic a l p r o p e r t i e s  a f t e r  w e ld in g . 
S n a p s  (1 9 7 7 ) n o te d  th a t  2.5%  n ic k e l  in c r e a s e d  th e  y i e l d  s t r e n g t h  
from  331 to  44tl MPa in  o lo o l  ron -busrn  m o lte d  I’dflr -  IMu a l l o y s  .
The u s e  o f  n i c k e l  i n  p ro m o tin g  i n t a r m e t a i l . i c  compound p r c j c i p i t a t i o n  in  
f e r r i t i c  s t a i n l e s s  Q tu e le ,  th u s  lo a d in g  t u  a g o - h a r d e n in g ,  h a s  b e e n  
r e F e r r e d  t o  by S n a p e  ( 1 9 7 7 ) . I n t p r m o t a l l i c  compound p r e c i p i t a t i o n  c an  
b e  a v o id e d  by a n n e n l in g  n t  te m p e r a tu r e s  a b o v e  100UnC.
3 . 2 . 2 .  W e id a b i l i i .y - A cco rd in r]  to  A rnoos ( 1 9 4 3 ) ,  th e  a d d i t i o n  o f  
0 .3  t o  3% n i c k e l  t o  a l l o y s  c o n ta in i n g  8-15%  chrom ium  and  l e s s  t h a r  
0 .07%  c a r b o n  p ro d u c e s  o t r o n g ,  to u r jh  w elda  c h n ra e L e r ia e d  by a  F in e ­
g r a in e d  s t r u c t u r e .  F o r  a p p l i c a t i o n s  w here  o t r e s s a - r e l i o v i n g  i s  
i m p r a c t i c a l ,  A rn e s s  recom m end;; an  optim um  n ic k u l  l e v e l  o f  1%.
N ic k e l  i s  r e p o r t ; . J  t o  r e d u c e  th i-  Iouqliru 'iirj o f  25% chrom ium  a l l o y s  
s l i g h t l y  a F t e r  p r o lo n g e d  e x o o s i 'r o  a t  704°(J, a  F e a tu re  a t t r i b u t e d  to  
s ig m a  F o rm a tio n  ( E b e r l e ,  i n  S n a p e , 1 9 7 7 ).
3 . 3 .  S i l i c o n
S i l i c o n  i s  a  f e r r i te - F o rm U H j v h  - i t  i f  fh r. i r i in - c a r b o n  s y s te m  and 
i t s  e f f e c t  on  U «i m e c h a n ic a l  p rn p  r l  i , - j  ol • ; - n ‘ i c  s t a i n l e s s  s t e e l s  
i s  a n a la g o u a  to  c h rc jm iun : t e n a i h '  it h  a ir!  y i e l d  v a lu e s  a r e
r a i s e d  a t  th u  e x p e n s e  o f  < lu - ; t i lU y .  i t  a l s o  ii-ir; I hr; £>o:newhat d e t r i ­
m e n ta l  e fF o cL  oF in c r e a s i n g  th e  tm d o n r y  f o r  g r a in  g ro w th  e l e v a t e d  
te m p e r a tu r e s ,  f o r  a p p l i c a t i o n : ;  w lv rr-  to u g h n e s s  and im p a c t s t r e n g t h  
a r e  r e q u i r e d ,  h ig h  s i l i c o n  n p p p a rs  t o  bv q u i t e  d e t r i m e n t a l  a n d  s h o u ld  
n o t  cjxiv . I oliouL 0 .( !CJ in  c unve/ii i n n n l  F n r r M .ic  s t a i n l e s s  s t e e l s .  The 
n e t  e F F c c t  in  • i l l n - d  r illo y .s  i s  t o  r a i s e  ' tie  a v e r a g e  im p a c t 
t r a n s i t i o n  te m p e r a tu r e  by up I > 60°C f u r  i-\ >i y I "  oF s i l i c o n  added  
(Thum, 1 9 3 5 ) .  The two ntn.ii b '- f i - 'f i t j ;  o f  a d d in g  s i l i c o n  t o  F e r r i t i c  
s t a i n l e s s  s t e e l s  a r e  i n  im prov i.- : r i . - . in ta n c p  tu  p j t t i n g  c o r r o s io n  and 
t o  h ig h - te m p u v a tu rc  s c a l i n g  and  o x id n tJ  -i.
The a d d i t i o n  o f  i i i U c u n  t.a a h n ln l a u r  tstv.vlv. h a a  tlv -  p u r l  x c i i ln r ly  
d e t r i m e n t a l  n f fe e L  n f  im z ru a s in i )  b o th  t h e  r a t e  of" fo rn ial i-vi and  u p p e r  
te m p e r a tu r e  l i m i t ,  n 'i w e l l  n:; th u  ranfji* o f  F o r m a tio n ,u f  sigm a  ph iv it '.
I n  a l l o y a  c o n ta in i n g  3fJ -  J ’A  nlirnm inm , n o t  m ore th a n  1 .5  -  2% 
s i l i c o n  L liouhJ be iid 'le ii iF  a r ln q u n l r  d n r l i l i l y  i s  to  b e  r e t a i n e d  i n  th e  
w ro u g h t c o n d i t i o n ,  bn!, in  h v  r n 'in  o f  p a s t  a l lo y ; ;  riicire s i l i iM n  c an  be
a d d e d . F o r  a p p l i c a t i o n s  w here  s ig m a  f o rm a tio n  con  h a v e  a d u tv im e n ta l  
e f f e c t ,  f o r  exam p le  i n  t h i c k  s e c t i o n s ,  th e  s i l i c o n  l e v e l  s h o u ld  n o t  
e x c e e d  0 .5  t o  0 .75%  ( B ie b r r ,  1 9 7 5 ) .
I n  t h e  d e v e lo p m e n t o f  o m ore c o r r o s i o n - r e s i s t a n t  Type 316  s t a i n l e s s  
s t e e l ,  S t r e t c h e r  (1 9 5 6 )  fo und  t h a t  an  u p p e r  l i m i t  o f  2 .5%  s i l i c o n  was 
n e c e s s a r y  b o c a u se  o f  p ro b le m s  e n c o u n te re d  d u r in g  p r o c e s s in g  o f  th e
3 .4 .  C opper
C opper d o e s  n o t  fo rm  c a r b i d e s  b u t o c c u r s  i n  s o l i d - s o l u t i o n  i n  s t a i n l e s s  
s t e e l s ,  b e in g  s o l u b l e  i n  f e r r i t e  t o  th e  e x t e n t  o f  1 .4% . The p r e s e n c e  
o f  c o p p e r  a f f e c t s  th e  p r o p e r t i e s  i n  t h r e e  w ays: c o r r o s io n  r e s i s t a n c e ,
r e s p o n s e  t o  h e a t - t r e a h m e n t , and  t e n s i l e  p r o p e r t i e s .  The optim um  
l e v e l  o f  c o p p e r  w ith  r c 6;p e c t  t o  e a c h  o f  t h e s e  p r o p e r t i e s  i s  a b o u t  1%, 
r e g a r d l e s s  o f  t h e  chrom ium  c o n te n t  (Thum, 1 9 3 9 ) .
T he m ost n o t i c e a b l e  e f f e c t  o f  a  1% c o p p e r  a d d i t i o n  to  a  13% Cr-0.16% C  
s t e e l  i s  t o  r a i s e  th e  e l a s t i c  l i m i t ,  I t  i s  a l s o  found  t h a t  t h e r e  i s  
a  s l i g h t  i n c r e a s e  i n  e lu n y a l . i o n  w h i le  t h ' i  im p a c t  s t r c - g t h  i s  d e c r e a s e d  
s l i g h t l y  (Thum, 1 9 5 5 ).
S a n d o m ir s k i i  (1 9 7 8 )  exam in e d  th e  i f f " j t  o f  a g o in g  on th e  m e c h a n ic a l 
p r o p e r t i e s  o f  a  1 T r  -  IMo -  0 .3V  - L.bCu -  Q .06C s t e e l .  A -jeing  a t  
600°C  f o r  100 h o u r s  im p ro v e d  b o th  th e  L e n s U e  s t r e n g t h  and  f r a c t u r e  
to u g h n e s s  v a l u e s .  The n fh scL  o f  c o p p e r  weis t o  r e d u c e  th e  am ount o f  
c a r b id e  p h a s e  a :; w e l l  a-i p ro m u te  t h e  s a t u r a t i o n  (and  s t a b i l i t y )  o f  
M23C6 CQrl3l<lcs " ik h  chrom ium .
C opper i s  r e p o r t e d  t o  n i t n r d  i j r a in  ijro w th  in  F c r r i t i c  s t a i n l e s s  s t e e l s  
a t  e l e v a t e d  te m p e r a tu r e  ( r i m m ,  A 1% c o p p e r  a d d i t i o n  r e q u i r e s
a  10 to  5 V C  L em porat.uri) in a n 'i i s e  I n  p ru t lu re  I ho same h a r d n e s s  and 
t e n s i l e  R tven tjlrh  c 'impanv.l t o  th e  n ! I ny w il l  m t .  c o p |io r .
4 .  THE EFFECT OF VANADIUM AND OTHER ELEMENTS UN THE CORROSION 
RESfSTANn: QFFCRR1T1C STAINLESS STEELS
The b a s e  a l l o y  em p loyed  i n  t h i s  s tu d y  .to one c o n ta in i n g  18% chrom ium  
s i n c e  t h i s  f i g u r e  a p p e a rs  t o  be an  optim um  from  an  econom ic  . f a b r i c a t i o n  
and  c o r r o s io n  r e s i s t a n c e  p o i n t  o f  v ie w , and  i t  i s  th e  b a s e  c o m p o s i t io n  
o f  t h e  m ost w id e ly  u se d  s u p e r f e r r i t i c  s t a i n l e s s  s t e e l . O t h 'r  e le m e n ts  
a p a r t  from  vanad ium  and  m olybdenum , w h ic h  a r e  c o n s id e r e d  to  have  
p o t e n t i a l  b e n e f i c i a l  e f f e c t s  on c o r r o s i o n  r e s i s t a n c e  i n  f e r r i t i c  
s t a i n l e s s  s t e e l s  a r e  s i l i c o n ,  n i c k e l  and  c o p p e r . The e f f e c t s  o f  t h e s e  
v a r io u s  e le m e n ts  w i l l  b e  c o n s id e r e d  in  d e t a i l  i n  t h i s  s e c t i o n .
F u n d a m e n ta l t o  t h e  c o r r o s io n  r e s i s t a n c e  o f  a  s t a i n l e s s  s t e e l  i s  t h e  
a b i l i t y  t o  p a s s i v a t e  i n  a p a r t i c u l a r  e n v iro n m e n t,  t h a t  i s ,  t o  rem a in  
c h e m ic a l ly  i n a c t i v e  a s  a  r e s u l t  t i f  th e  fu rm a U u n  o f  a p a s s iv e  o x id e  
f i l m .  A lth o u g h  l i t t l e  i s  known a b o u t  th e  m echanism  o f  p a s s i v i t y ,  th e  
phenom enon i s  w e l l  do cu m en ted  and p r o v id e s  th e  b a s i s  f o r  s e l e c t i n g  an 
e le m e n t  o r  a l l o y  c o m b in a t io n  f o r  u s e  i n  a c o r r o s i v e  s i t u a t i o n .  S in c e  
p a s s i v i t y  i s  su c h  an im p o r ta n t  a s p e c t  o f  c o r r o s io n  r e s i s t a n c e , i t  w i l l  
b e  d is c u s s e d  a t  l e n g t h .
4 . 1 .  P a s s i v a t i o n  o f  S t a i n l e s s  S t  e e l s
4 . 1 . 1 .  A nodic  P u l a c i . - n t i o n  a ^ d P a s s i v a t i o n  . The s tu d y  o f  a n o d ic  
p o l a r i z a t i o n  i s  a t  p r e s e n t  t h e  m o st w id e ly  u se d  a p p ro a c h  f o r  d e v e lo p ­
in g  now s t a i n l e s s  s t e e l s  t h a t  a r c  p a s s i v e . As a g e n e r a l  r u l e ,  t h e  
i n t r o d u c t i o n  o f  an  e a s i l y  p a u o iv r t .o d  e le m e n t  i n t o  an a l l o y  c a u s e s  th e  
a l l o y  to  a d o p t t o  a  g r e a t e r  o r  l e a s e r  e x t e n t  th e  p a s s iv e  p r o p e r t i e s  
o f  th e  in t r o d u c e d  e l e m e n t . The m a g n itu d e  o f  t h i s  e f f e c t  i n  a  g iv e n  
s i t u a t i o n  may de p en d  a d d i t i o n a l l y  on th e  o p e r a t i o n  o f  s y n e r g i s t i c  
p r o c e s s e s .
In  d i s c u s s i n g  th e  in f lu e n c e  a I a l l o y i n g  e le m c n is  i t  i s  i n s t r u c t i v e  to  
c o n s id e r  th e  i d e a l  n n b i r i / n l i n n  c u rv e  f o r  s l n u u e s s  a t e o l  ( F ig u r e  4 . 1 ) .  
T h is  c u rv e  show s how c u r r e n t  d e n s i ty  v a r i e s  w i lh  e l e c t r o c h e m ic a l  
p o t e n t i a l  i n  a g iv e n  c o r r o s i v e  m edium , Hie c u r r e n t  d e n s i ty  b e in g  
p r o p o r t i o n a l  t o  th e  c o r r o s io n  r a t e .  At low  p o t e n t i a l s  (b e lo w  E p ) ,  th e
a l l o y  i s  i n  bhe a c t i v e  r a n g e  and n e n e r n l  c o r r o s io n  t a k e s  p l a c e .  A t a 
c r i t i c a l  p o t e n t i a l  (C ep ) t h e  c u r r e n t  d e n s i t y  d e c r e a s e s  s h a r p ly  and  
t h e  a l l o y  i s  p a a s iv o t e d  by a  t h i n  p r o t e c t i v e  s u r F a c e  F i lm . The c u r r e n t  
d e n s i ty  a t  t h e  p a s s i v a t i o n  p o t e n t i a l  ( Im in )  i ; j  im p o r ta n t  s i n c e  a  low  
v a lu e  im p l i e s  a  g r e a t e r  a b i l i t y  to  p a s s i v a t e .  At v e ry  n o b le  p o t e n t i a l s  
(ab o v e  th e  t r a n s p a s s i v e  p o t e n t i a l ,  E t ) ,  th e  p r o t e c t i v e  f i lm  b r e a k s  
down c o m p le t e ly .  T h ere  i s  a  r i s k  o f  j u t t i n g  a t  a  lo w e r  p o t e n t i a l ,  
t h e  breakdow n  p o t e n t i a l , w here  th e  p r o t e c t i v e  Film  i s  p e n e t r a t e d  a t  
d i F f e r e n t  p o i n t s  and  w h ere  th e  a l l o y  I s  n o t  c o m p le te ly  p a s s i v e .
The F o llo w in g  F a c to r s  t h e r e F o r e  in c r e a s e  t h e  c o r r o s io n  r e s i s t a n c e  oF 
a  s t a i n l e s s  s t e e l  by i n c r e a s i n g  i t s  p a s s i v i t y :
( 1) a s t r o n g e r  p a s s iv n t i r u j  te n d e n c y  i n  th e  a c t i v e  zu ite  due  to
th e  F o rm a tio n  oF a  p a r t l y  p r o t e c t i v e  F ilm  o r  i n s o l u b l e  
c o r r o s io n  p r o d u c t s
( 2) r e d u c t io n  i n  t h e  l i m i t i n g  p a s s i v a t i o n  c u r r e n t  d e n s i ty  .Ic f -J
( 3 )  minimum a n o d ic  c u r r e n t  d e n s i t y  v a lu e  i n  th e  p a s s iv e  s t a t e
( 4 )  m ore n e g a t iv e  c r i t i c a l  p a s s i v a t i o n  p o t e n t i a l  (E cp )
( 5 )  m ore n e g a t iv e  p r i s s iv a H o n  p o t e n t i a l  (E p)
(6) m ore p o s i t i v e  p o t e n t i a l  F a r b reakdow n  (E b ) oF p a s s i v i t y  
by a c t i v e  a n io n s ,  and
( 7 )  m ore p o s i t i v e  t r a n s p - i : ; s iv e  p o t e n t i a l  ( I t ) .
4 . 1 . 2 .  E FF ttc t oF A llo y in c )  E U w n t s  on th e  P a s s i vi t y  oF S t a i n l e s s  
S t o o l s  . Thn in f lu e n c e  o f  d i f f e r e n t  a l l o y i n g  e le m e n ts  on 
th e  c h a r a c t e r i s t i c s  o f  th e  a n o d ic  p o l a r i z a t i o n  c u rv e  f o r  s t a i n l e s s  
s t e e l  i n  s u l p h u r i c  a c id  i s  ohown i n  F ig u re  4 . 1 .  Chromium h a s  th e  
m ost b e n e f i c i a l  e f f e c t  o f  a l l  th e  a l l o y i n g  e le m e n ts ,  b u t  n i c k e l ,  
m olybdenum , l i c u n ,  ro m p e r , t i t a n i u m ,  vanad ium  zmd o t h e r s  a l s o  h av e  
a  b e n e f i p i n l  e f f o c i  tin I hi* c u r v e .  Tint e n r r o r .u in  p o t e n t i a l  o f  an  a l l o y  
d e p e n d s  on th e  e n v i ro n m e n t , nu U uit i t  i s  p u n ti ib le  to  c h o o se  a l l o y i n g  
e le m e n ts  g iv in g  muxlwuw c o r r o s io n  rL-:.iiil.nrii'e f o r  a s p e c i f i c  c o r r o s iv e  
e n v iro n m e n t.
I t  w i l l  b e  i n u t r u c U v u  a t t h i s  :itn ,]i! t o  e xam ine  th e  e f f e c t  oF 
d i f f e r e n t  n l l o y  eom ijinn t.iu rifi on th e  p t i l a r i / n l  io n  c u r v e .  Chromium on
45 .
—F a v o u r a b le  e f f e c t  
—U n fa v o u ra b le  e f f e c t
S<>27, 
ICr Ni Mo Si Ti
I—  Cr Ni T
M r — %— Cr Mo V Ti N b Ni Cu
L og c u r r e n t  d e n s i  ty ~
F i q 'i r c  4 . . . .  E f f e c t  of f i l lo y i ru j  f 'U w n t i ;  on ;iu» c h E i r a t t e r i s b i c s  o f  
th p  a n u d it:  p o ln r i^ . 'i l  tu n  r u r v c  f o r  s i t a . in l e s s  s t e e l  i n  
t,V H?S 06 . ( B i - f - r ,  VJW;  r f i o a i i r M ,  1 9 7 2 ) .
C c o r r  = f 'r ! 'ir -n ( ir ro i ii:in  p o t nn i in .l  
Lcp = c r i  I .m i l  p u L rn t i : i l  t o r  p r in u iry  p a w i iv a . io n
Lp -  f}.i!i!iiv;il.ion im im i. i;i!
f (j -  hroMfa/nvm ( o r  p i K i n i j )  [i,i( i>nf i ;! I.
f'l j  trn n sp f i 'D iiv i!  pnl c u t i n i  u r  s i ’t-niuUiry p a - i s iv a t io n
pot o n I i u l
lo p  = r r i l i o a l  cH irn-nl Ui'Ficil y I'oi- p rim uvy  p n a a iv a b io n
Iraiti r. iiutuimii., 'i ir r i-n !  r lv tisi i y I u r  p o n iiiv n L iu n
[{. = f t"Ki;ipii:;:ii v r  m iT c tt l  i l.-m ijty
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i t s  own h a s  s  lo w e r  c r i t i c a l  p o t e n t i a l  f o r  p r im a ry  p a s s i v a t i o n  th a n  
i r o n ,  s o  t h a t  a  m ix tu re  o f  t h e  tw o e le m e n ts  w i l l  p ro d u c e  an  i n t e r ­
m e d ia te  v a lu e .  A r e d u c t io n  i n  t h i s  v a lu e  s u f f i c i e n t  t o  b e n e f i t  
c o r r o s io n  r e s i s t a n c e  i n  n e u t r a l  a q u e o u s  s o l u t i o n s  i s  o n ly  a c h ie v e d  
a t  a  chrom ium  l e v e l  o f  12%. I n c r e a s in g  chrom ium  beyond t h i s  l e v e l  
w i l l  y i e l d  s t a i n l e s s  s t e e l s  w h ic h  c an  b e  p a s s iv a t e d  in  m ore a g g r e s s iv e  
s o l u t i o n s ,  su c h  a s  d i l u t e  s u l p h u r i c  a c i d .  The a d d i t i o n  o f  b o th  
chrom ium  and  n i c k e l  t o  th e  a l l o y  w i l l  m a rk e d ly  f a c i l i t a t e  p a s s i v a t i o n  
s i n c e  n i c k e l  f u r t h e r  r e d u c e s  t h e  c r i t i c a l  c u r r e n t  d e n s i ty  f o r  p r im a ry  
p a s s i v a t i o n ,  t h u s  c o n t r a c t i n g  th e  a c t i v e  ( c u r r e n t )  r a n g e  o f  th e  a l l o y .  
The r e s u l t  i s  t h a t  c h ro m iu m -n ic k e l  a l l o y s  a r e  e a s i e r  t o  p a s s iv a t e  
th a n  p l a i n  iro n -c h ro m iu m  a l l o y s  and  t h e i r  c o r r o s io n  r a t e  i n  th e  
a c t i v e  r e g io n  w i l l  be lo w e r .
A l lo y in g  an a u s t e n i l i o  s t a i n l e s s  s t e e l  w i th  s m a l l  a m oun ts  o f  m olybdenum 
w i l l  f u r t h e r  r e d u c e  th e  c r i t i c a l  c u r r e n t  d e n s i ty  and  p ro d u c e  an a l l o y  
t h a t  i s  v e ry  e a s i l y  p a s s i v a t e d ,  ev en  i n  n o n - o x id iz in g  a c i d s .  
M o ly b d e n u m -b e a rin g , c h ro m iu m -n ic k e l  s t a i n l e s s  s t e e l s ,  h o w ev e r, h av e  
p o o r  p r o p e t i e s  i n  th e  t r a n s p a s s i v e  r e g io n  und th u s  a r e  n o t  s u i t a b l e  
F o r h ig h ly  o x id i z in g  e l e c t r o l y t e s  su c h  a s  n i t r i c  a c i d .  R e p la c in g  
m olybdenum  w i th  s i l i c o n  in  t h e s e  s t e e l s  w i l l  im p ro v e  t h e i r  p r o p e r t i e s  
i n  th e  t r a n s p a n n iv o  r e g io n .
The a l l o y i n g  d e m e n t s  d i s c u s s e d  s n  f a r  p ro d u c e  t h e i r  e f f e c t  by
s h i f t i n g  th e  a n o d ic  p o l a r i z a t i o n  c u rv e  in  a f a v o u r a b le  d i r e c t i o n .
A dd ing  a  s m a l l  am ount o f  c o p p e r  w i l l  n o t  a f f e c t  th e  a n o d ic  p o l a r i z a ­
t i o n  c u rv e  s i g n i f i c a n t l y ,  b u t  w i l l  i n s t e a d  f a c i l i t a t e  fchn c a th o d ic  
p r o c e s s  ( r e d u c t io n  o f  th e  o x id i z in g  n je u l ) and move th e  f r e e - c o r r o s i o n  
p o t e n t i a l  i n  t h e  n o b le  d i r e c t  io n .
liany  f a c to r ; ;  r e s u l t  in  n l.ro n h lu w n  o f  I he  p a s s iv e  f i lm  w i th  one  o f
th e  m ost s e r i o u s  a s  f a r  a s  s b u n l e : ; : ;  s t e e l s  a r e  c o n c e rn e d  b e in g  
p i t t i n g  c o r r o s i o n .  I’n r t  i i - u la i  a! t m l  in n  U  th e r e f o r e  b e in g  g iv e n  i n  
t h i n  s tu d y  to  t h e  e f l c e l s  o f  a  I le y m q  in  r e s i s t i n g  p i t t i n g  c o r r o s io n .  
The te n d e n c y  o f  a nm ln l In  u n d e rg o  p i t t i n g  c an  h e  e s t im a te d  by :
(1 )  du i.e rm inn t. in n  o f  H ie p i t t i n g  pu l c u t in i  ,
( 2) d e t e r m in a t io n  o f  ih e  minimum c o n c e n t r a t i o n  o f  c h l o r i d e  io n s  
i n  s o l u t i o n  c a u s in g  p i t t i n g ,
(3 )  mGOBurement o f  th e  num ber and  u l t i m a t e l y  th e  d e p th  and 
w id th  o f  p i t a  i n  a  a u i td b iw  a tfm c lu rd  s o l u t i o n ,  and
( 4 )  a know lcidge o f  th e  c r i t i c a l  p i t t i n g  p o t e n t i a l  o f  th e  a l l o y ­
in g  e le m e n ts  p r e s e n t  i n  r n l n t i o n  to  t e m p e r a tu r e .
Many f a c t o r s  a f f e c t  t h e  p i t t i n g  c o r r o u io n  o f  a l l o y s ,  su c h  a s  s o l u t i o n  
pH and  te m p e r a tu r e ,  h e a t - t r e a t m e n t  and  c o ld -w u r k m g ,  b u t  th e  m ost 
im p o r ta n t  f a c t o r  from  an a l l o y  d e u h jri p o i n t  o f  v io w  i o  a l l o y in g  
e le m e n ts .  A c o n s id e r a b l e  amoi/nl o f  w ork  h a s  huari p u b l i s h e d  cn  th e  
e f f e c t s  o f  a l l o y i n g  e le m e n tu ,  and  iu  au ra tn ari/e d  by S z k la rs k a -S m ia lo v /a k a  
(1 9 7 1 )  (T a b le  4 . 1 ) .
I n  t h e  p r e s e n t  s tu d y ,  w hili?  t h e  e m p h a a is  i t ;  on th e  r e p la c e m e n t  o f  
m olybdenum  w i th  v a n ad iu m , a d d i t i o n a l  a l l o y  c o m b in a t io n s  w i l l  be 
ex am in ed  i n  an  a t te m p t  t u  improve- on th e  p r o p e r t i e s  o f  t h e  m olybdenum 
s u p e r f e r r i t i c s .
4 . 1 . 3 .  N a tu re  o f _ t l v  Pua ii.We f i l m  . The p a s s iv e  f i lm  on  s t a i n l e s s  
s t e e l s  i s  e s s e n t i a l l y  a  v e ry  t h i n ,  10 t o  5>QA t h i c k ,  h y d ro u s  o x id e .
The fo rm  o f  th e  f i lm  d e p e n d s  on th e  n a tu r e  o f  th e  u n d e r ly in g  m e t a l , 
and  w i l l  t h e r e f o r e  h a v e  d i f f e r e n t  p r o p e r t i e s  i n  a r e a s  w here  th e  
s u r f a c e  i s  inhom nw in-'u iv :. P a s s i v i t y  i s  im p a ir e d  o v e r  d i s c r e t e  
. i n c lu s io n s  su c h  a s  i n t n r m e t a l l i e  com pounds ( e . g .  chrom ium  c a r b i d e s )  
and  a t  g r a in - b o u n d a ry  p r e c i p i t a t e ' ; .  O th e r  r lo f o c ta  may e x i s t  w here  
t h e  m e ta l  l a t t i c e  i n  exposm J to  m e c h a n ic a l s t r e s s e s  o r  w h ere  s l i p  
b a n d s  r e a c h  th e  s u r f a c u .
P a s s i v a t i o n  o f  a m e ta l  o u r fn 'io  n ) t |u i r c o  t h a t  th e  e n t i r e  s u r f a c e  be 
r e a d i e d  by a i s u f T ic i r . i t  q u a n t i t y  o f  o x i d i / i n g  n t jo n t .  I f  any  p a r t  o f  
th e  s u r f a c e  i s  r ilu M d m l uucii ar; in  a c r e v i c e  o r  by f o r e ig n  m n to r io l  
on th e  ' i i i r f a c e ,  c o n c iin l t’a l i o n  i)r ;u lic :iito  may a r i s u ’ . Th» c o n c e n t r a t i o n  
o f  o x i i l i z i n t i  atjuni' M ty ih ? »  bn  s u f f i c i e n t  to  p a s s i v a t e  th e  f r e e - m e ta l  
s u r f a c e ,  bu t. not. t.hc  a h i i 'l d c d  uvoa  w here  t h e  p a s s i v i t y  w i l l  b e  b ro k en
T a b le  4 .1 . E f f e c t  o f  A llo y i ng t-'I em enbs on th e  P i t t i n g  P o t e n t i a l
i n  C h lo r id e  S o lu tio n ? !  a t  Room T cm peraLt ^ e .  ( i r o n  A l lo y s ) . 
(S z k la r s k a -S m ia lo w a k a , 1 9 7 1 ) .
P i t t i n g  P o t e n t i a l  Moved 
C lem e n t to  More +ve o r  -v «
P o t e n t i a l s
C r (+ )
Mo ( + ) ,  ( - )  a t  O" C
N i (+ )  o r  weak p o s i t i v e  e f f e c t
C ( - )
V, Re (+ )
T i ( - )
C e , Nb ( - )
Z r ,  T a , W w ith o u t  e f f e c t
Mn (+ )  o r  w ith o u t  e f f e c t
S i  <+) o r  w ith o u t  t . f f o e t
In  some e l e c t r o l y t i c  .s o lu t io n ; ; ,  g e n e r a l l y  th o s e  c o n ta in i n g  h a lo g e n  
io n s  su c h  a s  c h l o r i d e s ,  th e  s t a b i l i t y  u f  th e  p a s s iv e  f i lm  may bf 
c o n s id e r a b ly  r e d u c e d .  H a lo g en  usr.v. r tx k ic e  th e  p v .ie i i t in l .  r a n g e  o f  th e  
p a s s iv e  r e g i o n ,  p a r t i c u l a r l y  by lo w e rin g  th e  b reakdow n p o t e n t i a l  a s  a 
r e s u l t  o f  pi-noL riii io n  and  d e s t r u c t i o n  o f  th e  p a s s iv e  f i lm  by th e  
h a lo g e n  io n s .
R e s e a rc h  c a r r i e d  uul by I ra n k e n l h .i! ( I 'V .y )  ban  c l a r i f i c i ]  e n n s id e r a b ly  
o u r  u n d e r s t a n d in g  r f  t h e  p a s u iv i I  y o f  iror>-c lirom ium  a l l o y s .  E l e c t r o ­
c h e m ic a l n t .i id ie .i , a ccnm fian icd  by m ic i 'u n c u p ic  o h s c r v a t i u n s ,  on a  24%
4 9 .
chrom ium  s t a i n l e s s  s t o o l  s u b je c t e d  to  a n o d ic  p o l a r i z a t i o n  i n  s u lp h u r i c  
a c i d ,  show ed t h a t  th n  ty p e  o f  f i lm  v a r i e s  a c c o rd in g  to  th e  p o t e n t i a l  
a p p l i e d .  T h ere  a r c  tw o ty p o s  of" f i lm .  The p r im a ry  f i lm  i s  s t a b l e  
o n ly  w i th in  a few m i l l i v o l t s  o f  th r: p r im a ry  a c t i v a t i o n  p o t e n t i a l ;  i t s  
f o rm a tio n  o r  d e s t r u c t i o n  i s  a  r c v o c s i b l  . r o c e s o .  The t h i c k n e s s  o f  
t h e  p r im a ry  f i lm  a t  th e  p r im a ry  a c t i v a t i o n  p o t e n t i a l  i s  l e s s  th a n  th e  
e q u i v a l e n t  o f  one  a to m  to  e a c h  s u r f a c e  m e ta l  a tom . The s e c o n d a ry  f i lm  
w h ic h  i s  fo rm ed  s lo w ly  a t  more p o s i t i v e  p o t e n t i a l s ,  g row s to  a  t h i c k n e s s  
g r e a t e r  th a n  10A, and  w i th  i n c r e a s i n g  p o t e n t i a l  and  s u f f i c i e n t  tim e  i t  
b ecom es v e ry  r e s i s t a n t  t o  r e d u c t i o n .
In  c o n t ra s t :  t o  c l a r i f i c a t i o n  on th e  way i n  w h ich  th e  f i lm  f o rm s , th e  
p i c t u r e  r e g a r d i n g  th e  a .d .u n i  c o m p o s i t i o n  a n d  ro le - o f  a l l o y i n g  e le m e n ts  
i n  th e  f i lm  i s  som ew hat c o n fu s e d .  The e f f e c t  o f  m olybdenum  i n  im p ro v in g  
c o r r o s io n  r e s i s t a n c e  i s  w e l l  known and  m o ly b d e n u m -c o n ta in in g  s t a i n l e s s  
s t e e l s  h av e  r e c e iv e d  p a r t i c u l a r  a l l c n U o n  i n  a i . te w p ts  t o  e x p la in  th e  
f u n c t i o n  o f  e le m e n ts  i n  th e  f i lm .  S e v e r a l  p a p e r s  h av e  b e e n  p u b l i s h e d  
on th e  a n a l y s i s  o f  th e  f i lm  by A uger and X -ra y  p h o tc e l e c t r o n  s p e c t r o -  
o c o p y . Lumsden a n d  S t a e h tc  (1 9 7 2 )  e x am in e d  Lhu f i lm  on m olybdenum - 
c o n ta in i n g  f o r r i t i c  s t a i n l e s s  o t e u l n  in  s u lp h u r i c  a c i d ,  sod ium  c h l o r i d e  
a n d  sod ium  h y d r o x id e  and  found  H in t th e  im proved  c o r r o s io n  r e s i s t a n c e  
o b ta in e d  by th e  a d d i t i o n  o f  m olybdenum  c o u ld  n u t  b e  e x p la in e d  by i t s  
e n r ic h m e n t  in  th e  p r n t i- i 'l  i v c  f i lm .  M olybdenum was n o t  found  i n  th e  
f i lm  a t  t h e  p o t e n t i a l s  and  pH v a lu e s  a t  w h ic h  molybdenum  o x id e  i s  th e  
s t a b l e  s p e c i e s .  Th«> a u th o r s  s u g g e s te d  t h a t  molybdenum  may e x e r t  a 
b e n e f i c i a l  e f f e c t  by im p ro v in g  th e  q u a l i t y  o f  th e  b o n d in g  a t  t h e  m e ta l -  
o x id e  i n t e r f a c e  and  c r e a t i n g  a b a r r i e r  L ay e r.
In  a s tu d y  o f  a ?.(,% chrnm ium -m iilybdciium  s t e e l , Da Cunha Bolt) o t  a l .
(1 9 7 7 ) fo u n d  t h a t  p ris t;iv n t in n  in  sod ium  c h lo r i d e  1- c h a r a c t e r i z e d  by 
th e  f o r m a tio n  o f  n t h i n  o x id e  f i lm  and  th e  d e v e lo p m e n t o f  n  ch rom ium - 
d o p lo tn d  /o n n  in  ft.,- mol a l l  in  n u b s! r a l e  n e a r  th e  in e L n l-o x id e  i n t e r f a c e .
I h e i r  r e o u  I t s  a r c  in  c l o s e  agrocm etil w i th  th o s e  o f  f im s d e n  and  
S tn o h lc  (1 9 7 2 )  and  show  t h a t  th e  molybdenum  r -o n c o n tr n t in n  in  t h e  
p a s s iv e  f i lm  i s  v e ry  low and o n ly  d e l e e l  a b l e  in  th e  in n e r  p a r t  o f  t t 'u  
f i lm .  I t  w ou ld  Ih e rc fV ire  a p p e a r  ib n l  m olybdenum  a d d i t i o n s  i n c r e a s e  
th i-  s t a b i l i t y  o f  th e  in n e r  l a y e r s  o f  th e  f i lm  n e a r  th e  o x id u -m e tu l
One of" t h e  m ost I 'e c o n t  id e n a  an  I.lit: p.Ti:; i. v:1 o x id e  f i lm  (on  i r a n )  
c o n s id e r s  o  yom inonditcboi' m n'liil l.u u x p lu in  iU ; f u iu 't i o n .  D e ln ic k  and 
Mackerm an (1 9 7 9 ) p rop iin i-u  t h a t  du f.in tj p u so  i \ a t  io r t ,  an  e l e c t r o n  d ono r 
i s  i n c o r p o r a t e d  i n t o  t h e  a x .idu  I ilrn  by LIir fo rn r a t jn n  nnd m ig r a t io n  o f  
i n t e r s t i t i a l  i o n s .  The h ig h  c l o c l r u n i c  c o n d u c t iv i t y  o f  th e  f i lm  and 
th e  u n u s u a l  T a f e l  b e h a v io u r  o f  pasiiiivo  i r o n  in  d i r e c t l y  .n t l r i b u t e d  to  
th e  p r e s e n c e  o f  t h i s  d o n o r  l e v e l .  A c c o rd in g  to  Slim m ing and  J c h u l l / c 1 
(1 9 7 9 )  t h e  p a s s iv e  f i lm  hehnvofi l ik e ; a h ig h ly  d o p e d , n - ty p e  se m i­
c o n d u c to r  a t  low  p o t e n t i a l ; ;  s i m i h i r  tn  moot c L h o r  p o a s iv e  f i l m s .  The 
m ost im p o r ta n t  in Q iro n cc - o f  t h e  u n d i.T ly in q  m e ta l ,  th e y  c o n c lu d e ,  i s  
duo t o  s t o i c h i o m e t r i c  c h n n y o s  fit the; in o tn l-a x ic le  i n t e r f a c e  s in c e  th e  
w s t a l  i s  a  c o n s ta n t  u u u rc i; o r  s i n k  u l- f o r r o u o  and  f o r r i c  io n s  i n  th e  
’n o d ic  nnd c n th u d ic  r n c |lu n .  l l u a  c o n c lu s io n  weuma to  s u p p o r t  th e  id e a  
o r  Do Cunha B e lo  e l  a l .  (.1977) anil o t h e r s  th a t,  molybdenum  s t a b i l i z e s  
I h s  f i lm  im m e d ia to ly  n e x t  to  th e  c i ' t o l .  The* a n m ir n n d u c to r  a p p ro a c h  h a s ,
h e v e r , n o 1 no f a r  hocui uekmI to  I '- . j i la in  th e  r o l e  o f  a l l o y i n g  e le m e n ts
.:-i s t a b i l i z i n g  th e  f i lm .
To th e  prow m t w r i te r .  Ih r  nr;-- o f i-em’eonduetor models and the 
- : n l .u l y . a n a l o g y  (Uh.lii], l t5?l) upm nr to  bi> approaching th e  problem
i fow th..- riglii. cILrccLion s in c e  th-.’> iM n:;idrr tho more fundam ental 
oapeetfi. I t  i s  niiuncJiinLly c:lu.ir th .j t  our undurstnndim j o f  the ro le  o f  
•rJ.loyiiicj alom.?nta in  n tn h i l i .d n i)  I.tin panoive film  depends t o t a l l y  on a
f u l l  a p p re c ia tio n  o f  thn n a tu re  and funct ion  o f  th e  f ilm ; hence,
p re se n t ctp|.vo.-iche;; nan tie l i t t l e  .‘l:,c bul r a t io n a l  g u e sse s , a lb e i t  in
V ^ n a d i u n i  v m -,  r . l i own  h y  I u m . i- I k i v  e !  . i ! . i n  I ' f nA  I n  h a v e  a  b e n e f i c i a l  
e t T u c l  i. ii  I h e  e d r r u M  u i i  r e : :  i s i  J i i i i ' e . e . ^ i c e l a l K  i n  p i t t m i ,  o f  
au r . i t e n . i  t i e  u l . a i n J i . ' . :  : ,! m i .  n> i  . t a i l  h a s  i i ' i t  h e e n  s e r i o u s l y  f o l l o w e d
u p  ’ ii ! ; ut ) : ; i‘( | i i en t .  p u h l  n ; i l  n i r r , ,  t ' i u | , ; i l , l y  Un i - ! o  t h i '  o v e r s h a d o w i n g  
o f T u e l  o f  i i i ' i l y l i den u i i i  v i i i e h  h- i ; ;  l i " i n  n u . w i i  f n r  a  l .i ini j i  , m e  t o  u i g n i f i -  
e a n L i y  l i i i f i r a v e  I . he  e e r r e u i  n n  r e n i i . l  a i n ’t- n f  ::1 a  i n i l ’s : :  i i t e e l a .  T o m a o h o v  
a t .  ( I Vf . t i ) 1 o m u l  m o l y b d e n u m  t n  h i -  m o r e  l i e i i e f i e i a l  L l i an  v a n a d i u m
on a w e ig h t - r o r - . J o i g h t  b a s i s ,  a m  o t h e r  p u b l i c a t i o n s  ( G i e f e r ,  1970 ; 
Osozziiva e t  a l . ,1 9 7 6 ; C lim ax  iiu J /b d cn u n i, u n p u b lis h e d  d a t a )  h av e  come to  
t h e  same c o n c lu s i o n .  T hese  p u b l i c a t i o n s ,  h o w ev e r, u n d e r s c o r e  t h e  f a c t  
t h a t  vanad ium  i s  b e n n f i u i o l  and  i t  i s  t h e  p u rp o s e  o f  t h i c  s tu d y  to  
e x p lo r e  i n  f u l l  th e  d e g re e  t o  w h ich  vanad ium  c an  r e p l a c e  m olybdenum 
w h ile  s t i l l  m a in t a in in g ,  o r  im p ro v in g  o n , ne ed  c o r r o s io n  r e s i s t a n c e .
i'n o d y  (1 9 7 9 )  and  McQueer (1 9 7 9 )  h a v e  c a r r i e d  o u t  l i t e r a t u r e  s u r v e y s  to  
e xam ine  th e  e f f e c t  o f  van ad iu m  and  o t h e r  a l l o y i n g  e le m e n ts  r n  t h e  
c o r r o s i o n  r e s i s t a n c e  o f  a fc a in l e s a  s t e e l s .  Moody c o n c lu d e s  t h a t  
vanad ium  h a s  o b e n e f i c i a l  e f f e c t  on th e  p i t t i n g  r e s i s t a n c e  a l th o u g h  n o t
t o  t h e  e x t e n t  a s  show n by m olybdenum  o r  rh e n iu m . H cQ uesr c o n s id e r s
t h a t  t h e  molybdenum  in  s tH i r i l e s c  s t e e l s  c an  b e  p a r t i a l l y  r e p la c e d  w ith  
s i l i c o n  o r  van ad iu m .
A th o r o u g h  l i t e r a t u r e  s u r v e y  by th .:  p r e s e n t  a u th o r  h a s  r e v e a l e d  some
13 p u b l i c a t i o n . ;  and o th e r  s o u r c e s  w h ic h  h av e  exam ined  th e  e f f e c t  o f
vanad ium  on th e  c o r r o s io n  r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s .  A summary
o f  i.he  c o n c lu s io n s  from  t h e s e  p a p ^ r .s  i s  p r e s e n t e d  in  T ab le  4 .2 .
An an o m alo u s s i t u a t i o n  w ith  t o  vanadium  i s  t h a t  th e  p u re  m e ta l
c a n ,  a c c o rd in g  t o  U *  P o u r h a ix  d va^ tasn  ( f  V,;virv 4 . 2 . ) ,  d i s s o l v e  i n  a c i d s  
and  a l k a l i e s .  In  p r a c t i s e ,  h o w e v e r , vanad ium  i s  r e s i s t a n t  t o  a t t a c k  
by HL"1 and  d i l u t e  and  t o  a l k a l i n e  s o l u t i o n s  and  im p ro v e s  tn e
p a s s i v i t y  when a l l o y e d  in  s L a in lc -s r , u t e n l s .  C l e a r ly  .v an ad iu m  i s  a b le  
t o  p a s s i v a t e  m ore e x t p m i v e l y  i n  v a r io u s  m edia  th a n  i s  p r e d i c t e d  by 
th e  P o u r b a ix  d ia g ra m .
T a b le  4 . 2 .  E f f e c t  n f  V anadium  on th e  r o r r o s i o n  Res i s t a n t  P r o p e r t i e s  
o f  SI fi in l e s : !  S t e e h i  : Summary f rom L i t e r a t u r e  Su rvey
Type o f  C o r r o s io n ,
w i th  R e fe re n c e  A llo y  E f f e c t  o f  Vanadium
1• P i t t i n g  Cor r o s i o n
a )  Tomashov n t  t i l .  U iC r - l4 \ i  !m p rn .e s  p i t t i n g  r e s i s t a n c e  by
(1 9 6 4 )  [)-/i. 7 'jSV i n c r e a s in g  th e  p i t t i n g
p o te n t  i d l .  C o r r o s io n  r a t e  
n e i j l i g i b l e  a t  4 .7 %  V in  
f r C l y
Type o f  C o r r o s io n
w i th  R e fe re n c e
b )  B i e f e r  (1 9 7 0 )
c )  O sozaw a e t  a l .  
(1976 )
d )  C lim ax  M olybdenum 
(u n p u b l i s h e d  d a t a )
e )  A g arw ela  and 
B i e f e r  (1 9 7 2 )
f )  Truman (D a ta  from  
Moody, 1979)
g )  Truman (1 9 5 3 )
h )  F lo rc e n  (198(1)
A llo y  E f f e c t  o f  Vanadium
17C r R educed  c o r r o s io n  r a t e  i n
HgSO^, HC1 and  F o C ly  
I n c r e a s e d  r a t e  i n  HNOy 
B e n e f i c i a l  e f f e c t  on c r i t i c a l  
a n o d ic  p o l a r i z a t i o n  c u rv e .  
17C r-16N i C o r r o s io n  r a t e  i n  FeCl-j
0-3.3?»V re d u c e d  by 40% . A l lo y in g  V
w i th  Mo in c r e a s e s  c o r r o s io n
IQCr I n c r e a s e d  p i t t i n g  p o t e n t i a l .
0-3?oV R e o u c-d  r o i . 'o s i o n  , a t e  i n
c h l o r i d e  s o l u t i o n ,  end fo rm ic  
a c id .  .N e g l ig ib le  c o r r o s io n  i n  
0 .1N  HC1 (0 ^  s a t u r a t e d ) .
17Cr Im p ro v es  c o r r o s io n  r e s i s t a n c e
1.8SV  i n  +NaCl when a l lo y e d
w ith  P d , b u t  n o t  w i th  Ge o r  Re. 
In  HC1 and  FeC l^  c o r r o s io n  
in c r e a s e d  when a l lo y e d  w ith  
P d , Ge o r  R e. B e n e f i c i a l  and 
d e t r i m e n t a l  e f f e c t s  on a n o d ic  
p o l a r i z a t i o n  c u r v e .
1 8 C r-1 5 \ 'i  B e n e f i c i a l  e f f e c t  on p a s s i v a -
0-1.8SSV t i o n  p o t e n t i n ’ i n  ^ 2 ^ ° 4 ’ and
p i t t i n g  p o t e n t i a l  i n  N aC l. 
18C r-4N i No p i t t i n g  a t  4%V i n  c h l o r i d e
Q a n d  4%V s o l u t i o n .  Im p ro v es  p a s s iv e -
K IC r-lZ -lA tlN i P iL tL m i p o t e n t i a l  d e c r e a s e s  
0 " 5%V n l i r j h t l y  w ith  i n c r e a s in g  V.
24N i-9C r S l i i j h t  b o n n l ' i c i a l  and  d e t r i -
2KV m e n ta l e f f e c t s  when a l lo y e d
w ith  Cu anti S i .
Type o f  C o r r o s io n ,  
w ith  R e fe re n c e A llo y E f f e c t  o f  Vanadium
i )  A slu n d  T1977) 10Cr-2Mo D e t r im e n ta l  e f f e c t  v/hen com bined
s y n e r g i s t i c a l l y  w i th  T i t o  r a i s e
p i t t i n g  p o t e n t i a l
2 .  i n ’- e r a r a n u l a r
C o r r o s io n
a )  L u la  e t  a l . (1 9 5 4 ) ;\o e f f e c t .
0 .1 4 -1 .5 %
b )  H oudrem onk and 18C r-0N i No e f f e c t .
Tofaufce (1952 )
c )  O d e s s k i i  e t  a l . R e s i s t a n t  t o  i n t e r g r a n u l a r
(1 9 7 8 ) c o r r o s io n  ( c a rb o n  l e v e l  0.08% ).
5 .  O x id a t io n  R e s is t a n c e
a )  Truman and  P i r t R e la t i v e l y  l i t t l e  e f f e c t .
(1976 ) 0 . 1 - 0 . 2%V
b )  Truman and  P i r t ia C r -1 5 N i A d v erse  e f f e c t  b e lo w , b u t
(1 9 7 6 ) 0 . 9 - 1 . 8?iV b e n e f i c i a l  e f f e c t  a b o v e , 7 5 0 DC
4 . G e n e ra l  C o r r o s io n
a )  Moody (1 9 7 9 ) l l - 1 2 C r - l l \ i B e n e f i c i a l  e f f e c t  on c o r r o s io n
1-6%V ( p lu s r a t e  i n  HCl and  H^SO^.
Cu, Mo, Co)
b )  O d e s s k i i  e t  a l . 1 8 C r - l .  5?«V R e s is t a n c e  t o  food  a c i d s  e q u a ls
(1978 ) t h a t  o f  Type 304 .
c )  F l o r e e n  (1 9 8 0 ) 2 4 \ i - 9 C r Im p ro v es p a s s i v a t i o n  c h a r a c t e r ­
2%V i s t i c s  and r e d u c e s  c o r r o s io n  r a t e
in
5 . S t r e s n - C o r r o n i n n  Cn »:K v'.a
a )  Truman (D a ta  from  IR O r- liA 'i No f a i l u r e  in  h iq h - c a r b o n  a l l o y s
Moody, 1979) 0-l.!i?oV  ( 0 . 11K c a r b o n ) .  H ow ever, r e d u c e s
f a i l u r e  tim e  when c a rb o n  l e v e l
Type o f  C o r r o s io n
w i th  R e fe re n c e A llo y E f f e c t  o f  V anadium
b )  O d e s s k i i  e t  a l .  IGCr
(1 9 7 8 ) 1 - 1 . 5 5
c )  D o r e e n  (1 9 8 0 )  24N i-9C>
R e s i s t a n t  t o  c r a c k in g .  
R educes tim e  to  c r a c k in g .
6 . A tm o sp h e r ic  C o r r o s i
a )  Truman (D a ta  from  
Moody, 1979)
b )  O d e s s k i i  e t  a l .  
(1978 )
IRCr-iWi V a r ia b le  r e s u l t s  on e x p o s u re  t o  
a tm o sp h e re  f o r  18 m o n th s .
Mo t r a c e  o f  c o r r o s io n  o b s e rv e d  
i n  s a l t  s p r a y  t e s t s  o r  i n  
t r o p i c a l  c l i m a t e .
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F ig u re  4 .2 .  P o u ib s ix  d ia g ra m  f o r  t h e  sy s te m  V-H^O a t  2 b ° C .( P o u r b a ix ,  
1 9 6 6 ) . Thu d a sh e d  l i n o s  d e l i n e a t e  t h e  zo n e  o f  s t a b i l i t y  
o f  w a te r  and  r e p r e s e n t  e q u i l i b r i a  b e tw ee n  w a te r  and 
oxygen  (b )  and w a te r  and  h y d ro g e n  ( n ) .
4 . 2 . 1 .  P i t t i n g  C o r r o s io n . The moot c o m p re h e n s iv e  p u b l i c a t i o n s  exam ined  
a l l  d e a l  w i th  t h e  e f f e c t  o f  vanad ium  on p i t t i n g  c o r r o s io n .  C l e a r ly ,  
t h i s  i s  t h e  f i e l d  o f  c o r r o s io n  w here  i t s  m o st b e n e f i c i a l  e f f e c t s  h a v e  
b e e n  n o te d  to  d a t e .
Tomashov e t  a l .  (1 9 6 4 )  s tu d i e d  th e  e f f e c t  o f  vanad ium  and o th e r  
e le m e n ts  on th e  p i t t i n g  c o r r o s io n  r e s i s t a n c e  o f  on 18C r-14N i s t a i n l e s s  
s t e e l  c o n ta in i n g  360 ppm c a rb o n  and p r e p a re d  by s o l u t i o n  a n n e a l in g  a t  
1150°C  and  w a te r  q u e n c h in g . The c o r r o s io n  r a t e  o f  t h e  a l l o y  i n  0 .5N  
F e C l j  was found  to  i n c r e a s e  when 2?o vanad ium  w as a d d e d , b u t  d e c r e a s e d  
t h e r e a f t e r  u n t i l  a t  4 .75%  c o r r o s io n  was n e g l i g i b l e  ( F ig u r e  4 .3 ;  n o te  
a l s o  t h e  b e n e f i c i a l  e f f e c t  o f  s i l i c o n  and  m olybdenum , and  th e  d e t r i ­
m e n ta l  e f f e c t  o f  t i t a n i u m  and  n io b iu m ) .
V anadium  in c r e a s e d  t h e  p i t t i n g  p o t e n t i a l  i n  0 . IN NaCl w i th  t h e  r e s u l t  
t h a t  no breakdow n  w as o b s e rv e d  up to  a  p o t e n t i a l  o f  1 .5  v o l t s  
( r e l a t i v e  t o  t h e  h y d ro g e n  e l e c t r o d e )  f o r  a  vanad ium  c o n c e n t r a t i o n  o f
I n  0 .1 N  HC1, a l l o y i n g  w i th  5% vanad ium  im p ro v e d  th e  p i t t i n g  p o t e n t i a l  
o f  t h e  b a s e  a l l o y  by 100 mV ( a s  d id  5% s i l i c o n ) .  O f t h e  a l l o y i n g  
e le m e n ts  e x am ined ,m o lybdenum  p ro d u c e d  th e  b e s t  e f f e c t  by r a i s i n g  th e  
p i t t i n g  p o t e n t i a l  o f  t h e  b a s e  a l l o y  by 800 nV ( f o r  a  5% c o n c e n t r a t i o n ) .
B i e f e r  (1 9 7 0 ) ex am in ed  th e  e f f e c t  o f  vanad ium  and o th e r  e le m e n ts  on 
th e  c o r r o s io n  r e s i s t a n c e  o f  Type 43d s t a i n l e s s  s t e o l  u s in g  p o l a r i z a t i o n  
and  c o r r o s io n  r a t e  m e a su re m e n ts . I n  t h e  c o n c e n t r a t i o n  r a n g e  0 t o  
2 .1 8 % ,van ad iu m  was Found to  s i g n i f i c a n t l y  r e d u c e  th e  c o r r o s io n  r a t e  
i n  IN HjSO^ and  IN MCI ( F ig u r e  4 . 5 ) ,  t o  r e d u c e  th e  r a t e  o n ly  s l i g h t l y  
i n  F o C ly  and  t o  c a u s e  an  i n c r e a s e  o f  a b o u t  .100% in  th e  r a t e  i n  b o i l i n g  
65% HNOy I t  may b e  n o te d  t h a t  an  i n c r e a s e  in  th e  molybdenum  c o n ­
c e n t r a t i o n  from  1 .4 0  t o  3.11%  in  t h e  bouo a l l o y  r e s u l t e d  i n  a more th a n  
2 0 0 - f o ld  in c r e a s e  i n  t h e  c o r r o s io n  r a l e  in  b o i l i n g  65% HNCI ,^ due  t o  
i n t c r g r n n u l a r  c o r r o s io n
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F ig u re  6 .3 .  E f f e c t  o f  vanad ium  a n d  o t f ie r  j i l l o y in g  e le m e n ts  on th e  
c o r r o s io n  l a t e  o f  >itj IS C r-lA M i a l l o y  i n  0.5M F e C ly  
D u ra t io n  o f  t e s t  wen 68 h o u r s , a t  room t e m p e r a tu r e .  
P o t e n t i a l s  r e l a t i v e  t o  n o rm al h y d ro g e n  e l e c t r o d e .  
(Tomachov e t  a l . ,  11'6 4 ) .
0 , ^
Alloying element (% )
f i g u r e  4 .4 .  E f f e c t  o l vunncJjum nniJ o th e r  n llo y .in c ; e le m e n ts  on th e  
p iL L ln ij p o t e n U n l  o f  an  lH C r- l4 N i a l l e y  i n  0 .1N  N oCl. 
TcmporEjLurt: 2 ';"C . P o t.iitiL in ! n r o l a t i v o  to  n o rm al h y d ro g e n  
c lo c l r o d p ,  (Tnm asliav e t  o l . , 1.964).
o  y f  j  4
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F ig u re  4 .5 .  C f f e c t  o f  v a n c id iu n  and  o th e r  a l l o y i n g  e le m e n ts  i n
d e c r e a s in g  fche r c r r f i o i o n  r a t e  o f  Type 430  s t a i n l e s s  
s t e e l  i n  1 \  HCl &nd IN H^SO^. ( B i e f e r ,  1 9 7 0 ) .
A nodic  p o l a r i z a t i o n  m e asu re m en ts  i n  IN H^SO^ a n d  0 .5N  NaCl show ed t h a t  
vanadium  had  a  b e n e f i c i a l  e f f e c t  on th e  p o t e n t i a l  a n d  c u r r e n t  d e n s i ty  
f o r  p r im a ry  p a s s i v a t i o n  a s  w e l l  a s  on o th e r  p o i n t s .  The p i t t i n g  
p o t e n t i a l  d e c r e a s e d  som ew hat i n  n i t r o g e n a t e d  IN a s  vanad ium
in c r e a s e d  fro m  0 t o  1 . 3?d, b u t  r o s e  a b r u p t l y  a t  a  c o n c e n t r a t i o n  o f  2 . 18% 
(+316 t o  +488  v o l t s ;  r e l a t i v e  t o  t h e  s a t u r a t e d  c a lo m e l e l e c t r o d e ) . 
B i e f e r  (1 9 7 0 )  d i d  n o t  r e m a rk  on t h i s  s i g n i f i c a n t  t r e n d ,  one  w h ic h  i s  
a l s o  shown by th e  F o t 'l  r e s u l t s  o f  Tumashov e t  a l .  ( 1964) .
The m ost im p o r t a n t  d a t a  o s  f u r  o s  th e  p r e s e n t  s tu d y  i s  c o n c e rn e d  i s  
u n p u b lis h e d  w ork  fro m  th e  C lim ax M olybdenum ( U .S .A . ) .  Vat od iu m , i n  
c o n c e n t r a t i o n s  o f  1 , 2 and  3%, was a dded  to  18 and  24% chrom ium  
s u p e r f e r r i t i c  s t a i n l e s s  s t e e l s  c o n ta in i n g  a  co m b in ed  c a rb o n  and  
n i t r o g e n  l e v e l  o f  3CM) ppm. The r e s u l t s  o f  p o l a r i z a t i o n  and  c o r r o s io n  
r a t e  m e a su re m e n ts  f o r  vanad ium  a r e  shown in  T a b le  4 . 3 ,  a s  w e l l  a s  
th o s e  f o r  m olybdenum  i n  T ab le  4 .4  f o r  d i r e c t  c o m p a r is o n .
Vanadium a d d i t i o n s  t o  b o th  t h e  18 and 24% chrom ium  s t e e l s  a r e  s e e n  to  
im p ro v e  t h e  p i t t i n g  r e s i s t a n c e  o f  t h e  a l l o y  i n  v a r io u s  c h l o r i d e -  
c o n ta in i n g  s o l u t i o n s ,  a l th o u g h  n o t  a s  much a s  found  f o r  m olybdenum  on 
a  w e ig h t- f o r -w c ig h t .  b a s i s .  A s i g n i f i c a n t  r e s u l t  fro m  T a b le  4 .3  i s  
th e  a b i l i t y  o f  3% vanad ium  t o  c o n f e r  r e s i s t a n c e  t o  i n t e r g r a n u l a r  
c o r r o s io n  i n  t h e  f e - C r -V  a l l o y .  T h is  r e s u l t  h a s  im p o r ta n t  c o n se q u e n c e s  
r e g a r d i n g  t h e  l e v e l  o f  van ad iu m  ne ed e d  a s  a  s t a b i l i z e r  i n  T e r r i f i c  
s t a i n l e s s  s t e e l s .
In  th e  w ork  o f  O sn/aw a el. a l .  ( 1 9 7 6 ) . 2% vanadium  war, fo u n d  t o  r e d u c e  
th e  c o r r o s io n  r a t e  o f  a 17C r-16N i a l l e y  in  T eC l^  by a b o u t  35%.
I n c r e a s in g  th e  vanad ium  l e v e l  to  3.3%  hu<. . c r y  l i t t l e  e f f e c t  on th e  
c o r r o s io n  r a t e .  The p i t t i n g  p n t e n l i a l  in c r e a s e d  s l i g h t l y  o v e r  t h e  
same c o n c e n t r a t i o n  ra n g e  in  an  a c i d i f i e d  c h l o r i d e  s o l u t i o n .  I n  m arked  
c o n t r a s t , a d d in g  m olybdenum  and vanadium  to g e th e r  p ro d u c e d  an 
in c r e a s e  i n  t h e  c o r r o s io n  r a t  e  m  I e f l ( T h e  some e f f e c t  was n o te d  
when c o m b in in g  m olybdenum  w ill)  t i t a n iu m ,  n io b iu m  o r  c o p p e r ) .
A garw ala  and  D ie  f o r  (1 9 7 2 )  c a r r i e d  o u t v 
e le m e n ts  nf F o o t in g  a n o d ic  p u i a r  i / a l  .iu 
and  tu n g s t e n )  c o u ld  b e  com bined  o y n o r g is
’m i n e  w h e th e r  
v a n ad iu m , m olybdenum 
. i t h  e le m e n ts  p r im a r i l y
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. " .r f s c t i r tg  c a th o d lc  iJ i i] .a r iz a L jo n  b e lin v io u 1- ( fw l l a d iu m , germ anium  and 
.vi-iuiuum) to  |jLodi:t:o fyt/c *30  o lo u i? ; h a v in g  im p ro v e d  c c r r o j i o n  b e h a v io u r ,  
ii,' Ly th e  p .illac L u n i-b o a v J iiq  3Loc:.a show ed some p r o m is e .  S t e e l s  
c '. 'n to j n in g  2% v an ad iu m  -i ,l?o pnlJiirJi.um  ( a l s o  2?o molybdenum  + IS  
p a ]J .a d iu m ) r e i d i l y  poiiH ivuL ud in  IN IL SU . c o n ta in i n g  t). 5>N Nai’ l ,  
w h e re a s  i n  p r c i o u s  w ork tli.c’ f j r  (1 9 7 0 )  had  shown t h a t  vanadium  
cii.ona d id  n o t  p r o d u c e  p a u s i iv i t i o n .  Vanadium in  c o m b in a t io n  w ith  
gc-rmonium o r  r lio n iu m  d id  n o t  ahow ciood c o r r a n i o n  r e s i s t a n c e ,  f a i l i n g
i-o n r .sa iv aL o  jn  IN
l i '  c  s tu d y  on th e  uue  o f  vanaUhnTi iia  a s l n b i l i z e r  i n  a J0C r-2.4M o 
Type 4 4 4 )  r,l n in l e s i i  y t c n l , . .a l 'jn - l (1 9 7 7 )  found  t h a t  tin  o d d i t i o n  o f  
j . ] ' 1, vanad ium  vuducoc: th e  p i t t i n g  p o te n t  i n !  i n  O .iM  NaCl (fro m  525 mV 
f o r  ( h e  W C r-2 .4 M o -0 .3 M i a l l o y  to  110 mV). C om bin ing  0 .1%  vanadium  
w ith  0 .35%  t i t a n i u m ,  h o w n v u r , h.ud a  s y n e r g i s t i c  o f f o s t  i n  r a i s i n g  
iiu : n. t t i n t i  p o to n L in i  t o  fiVJ mV.
U npuM .-slieu  d ' a  by Trum.in (1 9 5 5 )  showy t h a t  van ad iu m  had a  v a r i a b l e  
p f f e v t  on  th e  p i t t i n g  p o t c n t i . i l  i n  a  c h l o r i d e  m edium , d e p e n d in g  on  th e  
ch io M u m  le v e l  ( ’ n b iu  4 . 5 ) .  The p ' t t i n r j  p o t e n t i a l  d e c r e a s e d  in  th e  
17 ond 18% e h ro  . , n i i t l o y n , b u t  i n v i f  s e d  s i g n i f i c a n t l y  when chrom ium  
in c ru n u c d  to  2 rA .  T liiti d .ic n -n s e  in  p o t e n t i ; , l  a t  be tw ee n  2 .3  and  
v'.g v=ir,ciriiiin I:-'. aciiiK.-whut a t  v a r i a n c e  w ith  th e  r e s u l t s  p r e s e n t e d  a b o v e , 
•'KSi’ b ly  due tu  c u fT '- r in i)  j n t u r s l  i t  i a l  l e - u h i .  W eig h t l o s s  e x p e r i -  
MKfiL:.-. i n  l.\ H .SO . uiiuund ^u'nuw t.nt v a ria b le ?  r e s u l t s .
T r )i ' 't i ir . '.ir i ila r  (’n ri- iir .io n  . L u la  r L a l . (1 9 5 4 )  exam in e d  th e  
v c l ' v a .'io ti t:  e ld in p n tr  on tlu* in t e r y r a n u l o r  c o r r o s io n  o f  18%
•om'.ui.1 re )1:-’ l. i f  ui-.ninltM i'i n te t - l s  c o n ta in i n i j  }2L> -  580 ppm c a r b o n .
. i : ' i  i r e  "i:U lo :i .'!.-:mph'f; from  a l lo > ! i  o o n ta in in t j  0 .14%  vniifid.um 
V -: : nn ium  I . i /m l )  unit 1. 5% vanad ium  (iin :il o lii l i y c d ) »how ed s e v e r e
Min', n ; ' tii L :r l;  I u  Ihi- w i'U t and s o w  in to n j iT ii i i i lo r  a t t a c k  o f
' .n: i.'i;: c' uc;)'::; i ! rn  lini li a iti il i  l i i ’d  CuSO^ and  ho i l i n y  HNOj. I t  was 
.'liir:ilkhh! I h .v  vanr.d  -'i;, d id  n o t  i I'mnvi- U i i l  i t  y to  i i m s i t i z u l i o n .
li'j'i-i: ninuii:. am! in !  :'mI v ( \ ’>'>?) rni!i'‘ t o  t h r  iiaim1 o in ii 'lu a io n  in  c o n n rc -  
i iii') v r . i i  . - l i ' . i i  n l lo y m l w ith  ?.()2°n vanadLuni.
T a b le  4 .5 -  The E f f e c t  oF V anadium  and Ifolybdeneum  on th e  P i t t - in n  
P o t c n l j  ' 1 o r  A u s te n i - t ic  S t a i n l e s s  S t e e l s  i n  0.6N  
NaCl -t- 0 .1N  NaHCO,. (T rum an, 1 9 5 3 ) .
A llo y  C o m p o sitio n
----------------------------------------------------------------------- P i t t i n g  P o t e n t i a l
Cr N i T i V Mo (mV, 5CE)
17 - -
17 - +568
- 5 .0 +522
0 .4 - +520
0 .4 4 .0 + i0 2 6 | No p i t t i n g  -
+1004] t r a n s p a s s i v e  re g ie
- - +192
- +112
- +356
N o te : C arbon c o n te n t n o t  s p e c i f i e d  b u t  p r o b a b ly  i n th e  r a n g e  0 .0 6 - 0 . :
A c c o rd in g  t o  A s lu n d  (1 9 7 7 ), vanad ium  show s p ro m ise  a s  a  s t a b i l i z i n g  
e le m e n t  b u t  d o e s  n o t  i n h i b i t  i n t e r g r a n u l o r  c o r r o s i o n .  O d e s s k i i  e t  
a l .  (1 9 7 8 )  r e p o r t e d  t h a t  an  1 8 C r - l  t o  1.5V  a l l o y  w i th  0 .08%  c a rb o n  i s  
r e s i s t a n t  t o  i n t e r g r a n u l o r  c o r r o s i o n .
4 . 2 . 5 .  O x id a t io n  Re s i s t a n c e  . The e f f e c t  o f  v a r io u s  a l l o y i n g  - .iiem ents 
on th e  r e s i s t a n c e  t o  o x id a t io n  a t  e l e v a t e d  te m p e r a tu r e s  o f  an  18C r-15N i 
a u s t e n i t i c  s t a i n l e s s  s t e e l  was c o n s id e r e d  by T rur..-, nr>'‘ P i r t  (1 9 7 8 ) .
Vanadium a d d i t i o n s  up t o  0 .91%  a p p e a re d  to  h av e  an a d v e r s e  e f f e c t  
on o x id a t io n  r e s i s t a n c e  a t  some tem pera tu re .-  be low  750oU and  a 
b e n e f i c i a l  e f f e c t  ab o v e  t h i s  v a lu e .
I n  a  s i m i l a r  s tu d y  c a r r i e d  o u t  by th e  same a u th o r s  on 1 0 -1 2 C r-0 .2 V  
a l l o y s  (T rum an and  P i r t ,  1 9 7 6 ) ,  vanadium  had  r e l a t i v e l y  . l i t t l e  
e f f e c t  on o x id a t io n  r e s i s t a n c e ,  a s  w as a l s o  th e  c a s e  f o r  
m olybdenum .
4 . 2 . 4 .  G e n e ra l  C o r r o s io n  . I n  u n p u b lis h e d  w ork (M oody, 1 979 ) 
c a r r i e d  o u t  by E d c n le a n u  ( B r o w n - f 'i r th  R e se a rc h  L a b o r a to r i e s )  on 
th e  d e v e lo p m e n t o f  a s t a i n l e s s  s t e e l  r e s i s t a n t  t o  HC1, vanad ium  
w as a dded  t o  an  11 t o  1 2 C r - l lN i  a l l o y  in  am oun ts from  1 t o  6%, 
a lo n e  and i n  c o m b in a t io n  w i th  c o p p e r  and  m olybdenum . W eigh t l o s s  
m e asu re m en ts  on th e  a l l o y s  i n  HC1 and  H?5Q show ed t h a t  6% 
van ad iu m  i n c r e a s e d  th e  c o r r o s io n  r a t e  up to  7  t im e s  com pared
t o  t h e  b a s e  a l l o y .
I n  t h e  w ork  o f  O d e s s k i i  o t  a l . , ( 1 9 7 8 ) ,  an  18C r-i-1 .55»V  a l l o y  
w as found  t o  h av e  th e  sam e r e s i s t a n c e  t o  fo o d  a c i d s  a s  Type 304  
s t a i n l e s s  s t e e l .
4 . 2 . 5 .  S t r e a s - f lo r r o s i o n  f r a c k t n . i  . V anadium , i n  c o n c e n t r a t i o n s  
from  0 .9  t o  1 .8 % ,h a s  be en  found  to  c o n f e r  im m unity  t o  s t r e s s -  
c o r r o s io n  c r a c k in g  ( t e n t i n g  t o  500 h o u r s )  on an 18C r-15N i 
a u s t e n i t i c  a l l o y  i n  b o i l i n g  MgCl^ when com bined  w i th  a r e l a t i v e l y  
h ig h  c a rb o n  c o n te n t  ( 0 . U ?;)(M noriy , 1 9 7 9 ) . When th e  c a rb o n  
c o n te n t  was lo w e re d  to  4 0 0 -5 0 0  ppm th e  tim -- t o  c ra c k in g  
d e c r e a s e d  in  c o m p a r iso n  to  t h e  v a n a d iu m - f re e  s t e e l  ( T a b le  4 . 6 ) .  
T h is  f a c t  h a s  m p o r ta n t  ronunquenoesi f o r  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  w h ich  n o r m a l ly  u n d e rg o  s t r c s s - c o r r o u i u n  c ra c k in g  in  
MgCl2 -
T a b le  4 . 6 .  The E f fe c t ,  o f  V anadium  on S t r e s s - C o r r o s io n  C ra c k in g
I n  18C r-15N i S fc a in le sa  S t e a l , ( tto o d y , 1 9 7 9 ) .
V anadium  (C a rb o n )  _________________ T im , t o  R u p tu re  ( H o u r .)
B o i l i n g  42% MgCl^ 3% NaCl a t  250°C and  103 MPa
0 .91SV (0.04K C ) 63
1 .79SV (0.05K C ) 150
0.915SV (O.llSCC) j No c r a c k s ^  i  No c r a c k 1'  found
1 .6 7 W ( Q .l lS C ) 500] found 500]
4 .3 .  Molybdenum
The p r i n c i p a l  F u n c tio n s  o f  m olybdenum  a s  an a l l o y i n g  e le m e n t  in  
s t a i n l e s s  s t e e l s  a r e :  im provem en t o f  c o r r o s io n  r e s i s t a n c e ,  im p ro v em en t
o f  e l e v a t e d  te m p e r a tu r e  p r o p e r t i e s  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  and  
im p ro v e m en t o f  th e  s t r e n g t h  a n d  r e n i s t a n c e  t o  te m p e r in g  o f  m a r t e n s i t i c  
s t a i n l e s s  s t e e l s .  M olybdenum i s  w e l l  known f o r  t h e  b e n e f i c i a l  e f f e c t  
i t  h a s  on c o r r o s io n  r e s i s t a n c e ,  b e in g  p r e s e n t  i n  f e r r i t i c  T ypes 434  and 
436 (1% ), a u s t e n i t i c  Type 316 (2%) a n d  th e  s u p e r f e r r i t i c  s t a i n l e s s  
s t e e l s .  I t s  m a in  p u r p o s e  i s  t o  r e s i s t  p i t t i n g  c o r r o s io n  b u t  i t  i s  a l s o  
b e n e f i c i a l  i n  s e a - w a te r ,  d i l u t e  r e d u c in g  a c id s  and  o r g a n ic  a c id  
e n v iro n m e n ts .
A lth o u g h  th e  o b j e c t  o f  th e  p r e s e n t  s tu d y  i s  t o  r e p l a c e  m olybdenum 
t o t a l l y ,  i t  may be p o s s i b l e  t o  o b t a in  a b e t t e r  r e s u l t  by c o m b in in g  
some molybdenum  w ith  v a n ad iu m , so  t h a t  t h e  e f f e c t s  o f  t h e  e le m e n t 
s h o u ld  b e  a p p r e c i a t e d .
4 . 3 . 1 .  P i t t i n g  and  C r e v ic e  C o r r o s io n  . The m e ta l  molybdenum  i s  v e ry  
r e s i s t a n t  t o  p i t t i n g  i n  v a r io u s  a q u e o u s  m ed ia  and t h i s  f a c t  i s  
r e f l e c t e d  i n  th e  e f f e c t  i t  h a s  a s  an a l l o y i n g  e le m e n t in  a t a i n - e s s  
s t e e l s .
The e f f e c t  o f  molybdenum  in  i n c r e a s in g  th e  p i t t i n g  p o t e n t i a l  and 
h e n c e  r e s i s t a n c e  to  p i t t i n g  c o r r o s io n  o f  an 18% chrom ium  s t a i n l e s s
s t e e l  i s  show n i n  T ab le ts  4 .7  and  i | . 4  . L iz lo v s  and  Bond (1 9 7 1 )  
a l s o  found  t h a t  m olybdenum  im p ro v e d  th e  r e s i s t a n c e  t o  c r e v i c e  
c o r r o s io n  i n  c h l o r i d e  m ed ia  a l th o u g h  i t  d id  n o t  c o n f e r  im m unity  
t o  t h i s  fo rm  o f  c o r r o s io n .
C o r r e c t  h e g t - t r e a tm e n t  and  s t a b i J i z a t i o n  a re  n e c e s s a r y  i n  
s t a i n l e s s  s t e e l s  c o n ta in i n g  m ore th a n  2% molybdenum  in  o r d e r  
t o  a v o id  t h e  f o rm a tio n  o f  c h i  phaou  and  & c o n s e q u e n t  r e d u c t io n  
i n  c o r r o s io n  r e s i s t a n c e .  Bond (1 9 7 3 )fo u n d  t h a t  a n n e a l in g  a t  
815°C and  w a te r -q u e f ic h i i in  l e d  t o  t h e  f o rm a tio n  o f  c h i  p h a s e  
i n  ISCr-M o a l l o y s .  I n  yn a t te m p t  t o  rem ove th e  c h i - p h a s c ,  
a n n e a l in g  was c a r r i e d  o u t  a t  98U"C b u t  t h i s  lo w e re d  th e  
p i t t i n g  p o t e n t i a l  c o n s id e r a b ly  i n  IN N aC l. S t a b i l i z a t i o n ,  
r e s u l t i n g  i n  t h e  im m o b i l iz a t io n  o f  c a rb o n  and n i t r o g e n ,  w as found  
t o  b e  th e  o n ly  m eans o f  r e d u c in g  t h e  p r e c i p i t a t i o n  o f  th e  
c h i - p h a s e .
The e f f e c t  o f  m olybdenum  i s  d e p e n d e n t  t o  s i t  on t h e
am ount o f  chrom ium  p r e s e n t .  L iz lo v s  a n d  >75)
fo u n d  t h a t  c o m p le te  p a s s i v i t y  d id  n o t  o c c u r  in  chrom ium
s t e e l  i n  JAi HC1, ev en  w i th  th e  a d d i t i o n  o f  5V« (polybdenura. 
I n c r e a s in g  th e  chrom ium  c o n te n t  t o  18%, h o w ev e r , r e s u l t e d  i n  
c o m p le te  p a s s i v a t i o n  th u s  sh o w in g  t h a t  m olybdenum and  chrom ium  
a r e  a c t i n g  s y n e r c j i s t i c a l l y .  I n  t h e  sam e s tu d y  i t  was found  
t h a t  th e  p i t t i n g  p o t e n t i a l  i n c r e a s e d  l i n e a r l y  w i th  m olybdenum 
c o n t e n t ,  a n d  more r a p i d l y  f o r  th e  IB  th a n  U X  chrom ium  
s t e e l s .  A l l  a l l o y s  u n d e rw e n t p i t t i n g  c o r r o s io n  in  10% f e C l ,
(up  t o  5?« m olybdenum ) a l th o u g h  th u u e  w ith  a h ig h e r  chrom ium - 
molybdenum  c o n te n t  p i t t e d  th e  lt> o»t and  show ed th e  s m a l l e s t  
w e ig h t  l o s r . e s . I n t o r c s U n g l y , t h e  a d d i t i o n  o f  1% m olybdenum 
t o  b o th  1 )  and  18% chrom ium  a l l u y s  i n c r e a s e d  r a th e r  th a n  
d e c r e a s e d  th e  c o rro rs io n  m  f o C l^  r e l a t i v e  to  th e  aiQ lybdonum- 
f r e e  a l l o y .
T a b le  4 .7 .  A v erag e  P i t t i n g  P o t e n t i a l s  u f  Some F e r r i b i c  S t a i n l e s s  
S t e a l s  i n  0 . 1  N HC1. { L iz lo v a  a n d  Bond, 1 9 6 9 ) .
S t e e l  A v erag e  P i t t i n g  P o t e n t i a l
v s .  SCE ( V o l t s )
Type 430
Type 434
0 .2 6
17C r-lM o u .3 2
17Cr-3Mo 5 - 0 -8 0
ia C r-2 M o -0 .1 1 N i
18C r-2M o-0 .62N i
18C r-2H o-1 .08 Iv i 0 .3 4
18 C r-2 M o -0 .4 7 T i
1 8 C r-2M o-1 .86T i 0 .6 3
1 8 C r-2 M o -0 .9 1 T i-0 .5 7 N i > 0 . 8 0
1 8 C r-2 M o -l .7 5 T i-2 .0 e N i.. 0 .6 2
N o te . T e s t  t e m p e r a tu r e  was 30°C , e x c e p t  f o r  18Cr~2Mo a l l o y s  
w here  i t  was Z i nC.
4 . 3 . 2 .  S t r e s s - C c r r o s i o n  C r a c ld n n . The b e h a v io u r  o f  molybdenum  i s  
i l l - d e f i n e d  b u t  on b a la n c e  i t  a p p e a r s  t o  h a v e  a d e t r i m e n t a l  e f f e c t  on 
s t r e s s - e o r r c s i c n  c r a c k in g  in  s t a i n l e s s  s t e e l s .  I t  i s  d e f i n i t e l y  
d e l e t e r i o u s  a t  t h e  lo w e r  c o n c e n t r a t i o n  ra n g e  i n  b o i l i n g  MgCl^ 
s o l u t i o n s ,  p ro m o tin g  i n i e r g r a n u l a r  s t r e s y - c o r r o s i o n  c ra c k in g  in  
a u s t e n i t i c  s t a i n l e s s  s t e e l s  (H a n n in e n , 1 9 7 9 ) .
The a d d i t i o n  o f  s m a l l  a m oun ts  o f  molybdenum  t o  F e -C r  s t a i n l e s s  s t e e l s  
{ e .g .  IBCr-ZM o) d o e s  n o t  p ro d u c e  y u s c e p t i b i l i t y  t o  s t r e s s - c o r r o s i u n  
c r a c k in g .  In  l a r g e r  Eimounts ( i n  c x c c a s  o f  4  t o  6%) d e p e n d in g  on th e  
chrom ium  l e v e l , m olybdenum  le a d :; to  c r a c k in g  i n  F e -C r  s t a i n l e s s  s t e e l s  
e x p o se d  to  b o i l i n g  MrjCl^ ( S t r e i c l w r ,  1 9 7 4 ) . When p r e s e n t  to g e th e r  
w i th  n i c k e l ,  h o w e v e r, m olybdenum  p ro v e n  Lu bo dfil r im o n tc il i n  F e-C r 
f e r r i t i c  s t a i n l u s o  c L c « l .  Bond iind D und;is (1 9 6 0 )  found t h a t  w h erea s  
a 17C r-1 .5 M i a l l o y  d id  n o t  c r a r k  i n  H yClg, on IB C r- 0 .5N i-lM o a l lo y  
d i d .  I t  h a s  b e en  su g y o K tc d  t h a t  f i i i  Lure i . , C r-N i-M o s t e e l s  i s  due  t o
th e  f o rm a tio n  o f  i n t e n n e t a l l i c  Ni^M o, a n a lo g o u s  t o  th e  fo rm a tio n  o f  
N i jT i  i n  m anaging  s t e e . u  (Thom pson a n d  B e r n s t e i n ,  1 9 7 9 ) .
D e s e s t r o t  and  W agner (1 9 6 9 )  s t u d i e d  t h e  e f f e c t s  o f  molybdenum (and  
s i l i c o n )  on th e  s t r e o s - c o r r o s i o n  c r a c k in g  n f  d u p le x  s t a i n l e s s  s t e e l s  
i n  b o i l i n g  MgClg, C a C lg , f .'aC l, w a te r  (150  a n d  200°C ) and  h o t  s te a m  
a t  500"C. Molybdenum c a u s e d  c r a c k in g  i n  b o i l i n g  MgCl^, b u t  n o t  i n  t h e  
o th e r  m e d ia .
T a b le  4 . 8 .  C o r r o s io n  R a te s  f o r  S t a i n l e s s  S t e e l s  i n  B o i l i n g  A c id s
and  A lk a l i  show inci t h e  C f f o c t  o f  A dd ing  Molybdenum. 
( S t r e i c h e r ,  1 9 7 7 ) .
C o r r o s io n  R a te  (mm p e r  y e a r )
Type 304  Type 316 Type 430 Type '*44
65% HN03 ?•
50% H2SG4 -+ Fb£SD4 ) 3 4-
45% Form ic A cid 2200
10% O x a l ic A cid
20% A c e tic A cid
10% Sodium B i s u l f a t e 930
io% h2so 4 2400
1% HC1 1500 850
60% NaOH (1 0 0 UC) - 945
4 .3 .3 .  Gener a l  C o rr o s i o n . A c o m p a r is o n  o f  th e  c o r r o s io n  r a t e s  f o r  
T ypes 304 and  316 a l l o y s  i n  v a r io u s  m e d ia  ( l a b l e  4 .f l )  show s t h a t  
m olybdenum h a s  a b e n e f i c i a l  e f f e c t  nn  c o r r o s i o n  r e s i s t a n c e .
M olybdenum a t  th e  2.5% l e v e l  i s  found  I n  r e d u c e  hy d ro g en  e v o lu t io n  in  
m ost o f  th e  r e d u c in g  a c j d s  h u t  h a s  l i l l . l o  e f f e c t  on c o r r o s io n  in  t h e  
tw o o x id i z in g  s o l u t i o n s .  Molybdenum a c t s  i n  a  s i m i l a r  i.ay  t o  n ic k e l  
i n  c o m b in in g  w ith  chrom ium  to  im p ro v e  (h o  c o r r o s io n  r e s i s t a n c e  i n  
r e d u c in g  a c i d s ,  f i g u r e  4 .6 .  show s t h a t  s m a l l  a d d i t i o n s  o f  m olybdenum 
(1 t o  2%) h a v e  th e  g r e a t e s t  c f f c c L  i n  r e d u c in g  th e  c r i t i c a l  c u r r e n t  
d e n s i ty  f o r  p r im a ry  p a s s i v a t i o n  in
F ig u re  4 .6 .  The e f f e c t  o f  m olybdenum  ( a n d  chrom ium ) on  t h e  e a s e  o f  
p a s s i v a t i o n  o f  l o w - i n t e r s t i t i a l  f e r r i t i c  s t a i n l e s s  
s t e e l s  i n  IN HgSO, (5U0C ). A -  13C r; B -  IB C r;
C -  2 5 C r. (S L e iq o rw o ld  e t  a l . ,  1 9 7 7 ) .
The e a s e  o f  p a s s i v a t i o n  in  chrum ium -m olybdenum  f e r r i t i c  a l l o y s  i s  
p ro m o te d  n o t  o n ly  by a  r e d u c t io n  in  th e  c r i t i c a l  c u r r e n t  d e n s i t y  b u t  
a l s o  by a  s h i f t  i n  th e  p r im a ry  p a s s i v a t i o n  p o t e n t i a l  t o  m ore a c t i v e  
v a lu e s  (G re e n e , 1 9 6 2 ) . I n  a d d i t i o n  t o  r e d u c in g  th e  c r i t i c a l  c u r r e n t  
f o r  i r o n ,  b o th  chrom ium  and  molybdenum  s h i f t  t h e  p r im a ry  p a s s i v a t i o n  
p o t e n t i a l  t o  more a c t i v e  v a l u e s .  The re d u c e d  c r i t i c a l  c u r r e n t  d e n s i ty  
and a c t i v e  p a s s i v a t i o n  p o t e n t i a l  a c c o u n t  f o r  t h e  good r e s i s t a n c e  o f  
t h e  F e -C r-l-b  c o m b in a t io n  t o  o r g a n ic  a c i d s .
4 .4  N ic k e l  _
F e r r i t i c  s t a i n l e s s  s t e e l s  do  n o t  n o r m a l ly  c o n ta in  n i c k e l  a s  a 
d e l i b e r a t e  a l l o y i n g  c le m e n t b e c a u se  i t  can  in c r e a s e  s u s c e p t i b i l i t y  t o  
e tr o . i B - c n r r o s io n  c r a c k in g .  In  th e  m ere r e c e n t l y  d e v e lo p e d  lo w - i n t e r ­
s t i t i a l  h ig h -ch ro m iu m  f e r r i t i c  a l l e y s ,  h o w ev e r, n i c k e l  i s  a d d ed  t o
im p ro v e  c o r r o s io n  r e s i s t a n c e  t o  s e a  w a te r  and i n  o th e r  a g g r e s s iv e  
e n v iro n m e n ts  su c h  a s  found  i n  th e  p u lp  a n d  p a p e r  in d u s t r y  ( e . g .  t h e  
S w ed ish  Nyby AB M on it a l l o y  -  2 5 C r-4 M a-4 N i.)
Two o f  t h e  m ain  d raw b ac k s  t o  th e  u s e  o f  f o r r i t i c  s t a i n l e s s  s t e e l s  a r e  
p o o r  im p a c t s t r e n g t h  a n d  c o r r o s io n  r e s i s t a n c e ,  e s p e c i a l l y  i n  i n o r g a n i c  
r e d u c in g  a c i d s .  N ic k e l  h a s  a b e n e f i c i a l  e f f e c t  on b o th  t h e s e  
p r o p e r t i e s  and s h o u ld  t h e r e f o r e  b e  c o n s id e r e d  a s  an  a l l o y i n g  a d d i t i o n  
t o  o b t a in  im p ro v ed  ty p e s  o f  f e r r i t i n  s t a i n l e s s  s t e e l s .  I n e  o n ly  
p ro b le m  i s  th e  s u s c e p t i b i l i t y  o f  low n i c k e l - b e a r i n g  f e r r i t i c  s t a i n l e s s  
s t e e l s  t o  a t r e a s - c o r r o s i o n  c r a c k in g  in  MgClg, e s p e c i a l l y  i n  t h e  p r e s e n c e  
o f  m olybdenum . T h is  i s  a  f u r t h e r  m o t iv a t in g  p o i n t  f o r  e x a m in in g  th e  
e f f e c t  o f  v a n o d iu m - n ic k e l  c o m b in a t io n s  i n  s t a i n l e s s  s t e e l s .
4 . 4 . 1 .  G e n e ra l  C o r r o s io n  . N ic k e l  h a s  a  b e n e f i c i a l  e f f e c t  on th e  
c o r r o s io n  r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s  i n  m ost e n v iro n m e n ts  a s  c an  
b e  s e e n  by co m p ar in g  th e  r e s u l t s  f o r  T ypes 304 a n d  430 a l l o y s  i n  
T a b le  4 . 8 .  O f p a r t i c u l a r  m lc r e t s t  i n  t h e  p r e s e n t  s tu d y  a r e  s m a ll  
a d d i t i o n s  o f  n i c k e l  (up  t o  2 -3S0  b e c a u se  o f  th e  p o s s i b i l i t y  o f  s t r e s s -  
c o r r o s io n  c ra c k in g  a t  a  h u g h e  h r , . .  As was th e  c a s e  f o r  m olybdenum , 
t h e  f i r s t  few  p e r c e n t  o f  n i c k e l  h a s  th e  g r e a t e s t  e f f e c t  i n  lo w e r in g  
c o r r o s io n  i n  r e d u c in g  a c i d s  ( F ig u r e  4 . 7 ) .  The b e n e f i c i a l  e f f e c t  o f  
n i c k e l  on p a s s i v a t i o n  c h a r a c t e r i s t i c s  i n  f o r r i t i c  s t a i n l e s s  s t e e l s  
h a s  been  n o te d  i n  th e  l i t e r a t u r e  (C h ern o v a  and Tom ashov, 1965 ;
B i n d e r ,  196 5 ; L iz lc v s  and  B ond, 1 9 7 1 ) . L iz lo v s  and  Bond found  t h a t  
an  i n c r e a s e  in  n i c k e l  from  1 t o  2 . ‘>"o d e c r e a s e d  th e  c r i t i c a l  c u r r e n t  
d e n s i t y  o f  a 2 5 C r-5 .5H o  a l l o y  in  IN H^SO^ to  tr ie  e x t e n t  t h a t  c r i t i c a l  
b e h a v io u r  w as s u p p r e s s e d  c o m p le t e ly . The unme a u th o r s  (1 9 6 9 )  n o te d  
a  s y n e r g i s t i c  e f f e c t  b e tw ee n  n i c k e l  and molybdenum  in  f e r r i t i c  s t a i n ­
l e s s  s t e e l s  in  t h a t  an IB C r-N i a l l o y  d id  not. c o m p le te ly  p a s s i v a t e  i n  
IN HC1, e x c e p t  in  The p r e s e n c e  o f  molybdenum .
A p a r t i c u l a r  d raw back  o f  th e  IH d r-Z lb  a l l o y  i s  t h a t  i t  p o s s e s s e s  a  
h ig h  c o r r o s io n  ro te ,  in  I h e  u n l i v e  s t a l e ,  m id i t  d e p e n d s  on p a s s i v i t y  
f o r  r e s i s t a n c e  to  a c i d s .  As a r e a u l l  i t  show s . .h a rp  T r a n s i t i o n s  from  
a c t i v e  to  p a s s iv e  b e h a v io u r  d e p e n d in g  on th e  a c id  c o n c e n t r a t i o n  and 
te m p e r a tu re -  A u s l m i t i c  s t a i n l e s s  s t e e l :  h av e  low c o r r o s io n  r a t e s  i n
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im p ro v e  c o r r o s io n  r e s i s t a n c e  t o  s e a  w a te r  and in  o th e r  a g g r e s s iv e  
e n v iro n m e n ts  su c h  ao .unti in  th e  p u lp  and p a p e r  in d u s t r y  ( e . g .  th e  
S w ed ish  Nyby AO M onit . ov -  21>Cr-4tfa-4M i..)
Two o f  t h e  m ain  d raw b ac k s  ;•> t h e  u se  o f  f u r r i t i c  s t a i n l e s s  s t e e l s  a r e  
p o o r  im p a c t s t r e n g t h  a n d  c o r r o s io n  r c n i s L m a a ,  e s p e c i a l l y  i n  i n o r g a n i c  
r e d u c in g  a c i d s .  N i c k e l  haa  a  b e n e f i c i a l  e f f e c t  on b o th  t h e s e  
p r o p e r t i e s  a n d  s h o u ld  t h e r e f o r e  b e  c o n s id e r e d  a s  on a l l o y i n g  a d d i t i o n  
t o  o b t a i n  im p ro v e d  ty p e s  o f  f u r r i t i c  s t a i n l e s s  s t e e l s .  The o n ly  
p ro b le m  i s  t h e  s u s c e p t i b i l i t y  o f  low  n i c k e l - b e a r in g  F c r r i t i c  s t a i n l e s s  
s t e e l s  t o  s t r o o s - c o r r o s i o n  c r o c k in g  in  M gCI^, e s p e c i a l l y  i n  t h e  p r e s e n c e  
o f  m olybdenum . T h is  i s  ;i f u r t h e r  m o t iv a t in g  p o i n t  f o r  e x a m in in g  th e  
e f f e c t  o f  v n n a d iu m - n ic k e l  c o m b in a l in n s  i n  s t a i n l e s s  s t e e l s .
4 . 4 . 1 .  G e n e ra l  C o r r o s io n  . N ic l ■ I h a s  a  b e n e f i c i a l  e f f e c t  on  t h e  
c o r r o s io n  r e s i s t a n c e  o f  s t a i n l e s s  u lo o lo  i n  m o:/ r -n v i rc n m e n ts  a s  c an  
b e  s e e n  by c o m p ar in g  th e  r e s u l t s  f u r  T ypes >04 nna  430 a l l o y s  in  
T a b le  4 . 8 .  O f p a r t i c u l a r  i n t e r ' ' : ) !  in  th e  p r e s e n t  s tu d y  a r e  s m a ll  
a d d i t i o n s  o f  n i c k e l  (up  t o  2-3% ) b e c a u s e  o f  t h e  p o s s i b i l i t y  o f  s t r e s s -  
c o r r o s io n  c r o c k in g  a t  a  h ig h e r  l e v e l . As wan th e  c a s e  f o r  m olybdenum , 
t h e  f i r s t  few  p e r c e n t  o f  n i c k e l  h a s  th e  g r e a t e s t  e f f e c t  i n  lo w e r in g  
c o r r o s io n  i n  r e d u c in g  a c id s  ( f i g u r e  4 . 7 ) .  I In.- b e n e f i c i a l  e f f e c t  o f  
n i c k e l  on p a s s i v a t i o n  c h a r a c t e r i s t i c : ;  in  f n r r i  ; i c  s t a i n l e s s  s t e e l s  
h a s  be en  n o tn d  in  th o  l i t e r a t u r e  ( t 'h o rn o v a  and  Tom ashov, 1965;
B in d e r ,  1% '> ; L iz ln v u  and  lio n d , 1 9 7 1 ) . L iz lo v s  a n d  Bond fo u n d  t h a t  
an  i n c r e a s e  i n  n i c k e l  from  1 to  2.5%  d e c r e a s e d  th o  c r i t i c a l  c u r r e n t  
d e n s i ty  o f  a  25C r-5 .5M o n l . u y  in  IT  to  t t t e  e x t m t  t h a t  c r i t i c a l
b e h a v io u r  wan s u p p r e s s e d  c o m p le t e ly .  The same a u th o r s  (1 9 6 9 )  n o te d  
a  s y n e r g i a t i c  e f f e c t  b e tw ee n  n ic k n l  a n d  molybdenum  in  f e r r i t i c  s t a i n -  
l e s o  s t e e l s  in  t h a t  a n  1 8 f:r-N i a l l n y  d id  n o t  c o m p le te ly  p a s s i v a t e  i n  
IN  N CI, e x c e p t  i n  I bn p r e s e n c e  o f  m olybdenum .
A p a r t i c u l a r  d raw back  id  th e  Itll’r -X tl ;  a l l o y  i s  t l i n l  i t  p o s s e s s e s  a 
h ig h  c o r r o s io n  r a l e  in  t h e  u n l iv e  s t a l e ,  and iI d e p en d s  on p a s s i v i t y  
f o r  r e s i s t a n c e  t o  a c i d s .  As a r e s u l t  iI  shew s s h a r p  t r a n s i t i o n s  frum  
a c t i v e  t o  p a s s iv e  b e h a v io u r  d e p e n d in g  on I.he a c id  c o n c e n t r a t i o n  a n d  
t e m p e r a tu r e .  A u n U m itic  s i  s i n l e s s  s l e d s  h av e  low c o r r o s i o n  r a t e s  i n
th e  a c t i v e  s t o t f  ckic t o  th e  p r e s e n c e  o f  n i c k e l  and th e y  t h e r e f o r e  show 
s u b s t a n t i a l l y  i„^< ovod n o r r o s i o n  r e c i s t a n c e  i n  in o r g a n i c  a c id s  su c h
""W
N ic k e l  d o e s  n o t  a p p e a r  t o  havo  any  c f f c e t  on th e  i n t c r g r a n u l a r  c o r r o s io n  
r e s i s t a n c e  o f  f o r r i t i c  s t a i n l e s s  s t o o l s  in  t h e  ra n g e  2 t o  5K n i c k e l  
( B a e r lc c k e r  e t  a l . ,  1 9 6 1 ) . Whun n i c k c l  p ro m o te d  a u o t e n i t e  f o rm a t io n ,  
h o w ev e r, r e s i s t a n c e  t o  i n t n r g r a n u l a r  c o r r o s io n  was found  to  be 
g r e a t l y  im p ro v e d .
H,SO,
8
Nickel, %
F ig u re  4 .7 .  The in f lu e n c e  o f  n i c k e l  on th e  c o r r o s io n  o f  s t a i n l e s s  
u t e r i s  i n  b o i l i n g  n c id o  (10S)*  A c t iv e  s t a t e .
( S t r o i c h o r ,  1 9 7 7 ) .
4 . 4 . 2 .  S t r e s s - C o r r o r n n n  C r a c k ing  . Thn r o l e  o f  n i c k e l  i n  t h e  s t r e o s -  
c o r r o s io n  c r a c k in g  o f  f o r r i t i c  n ln in l e i s s  a t c e l o  i s  com ijle x , a ,id  d e p e n d s  
i n  a d d i t i o n  t o  th e  n i c k e l  l u v u ] , on th e  p r e s e n c e  o f  o t h e r  a l l o y in g  
e le m e n ts ,  c n ld -w o r k im j, i n t c r o t i i i a l  I n v n l  and  m i c r o - s t r u c t u r e .  The 
C opson c u rv e  r c la t . in i ]  th e  n ic k n l  c o n tn n t  l o  t h e  tim e  o f  c r o c k in g  o f  
a t a in l c t i t i  u t e e lu  in  it;  w id e ly  r e f e r r e d  to  (C opuon, 19 '}9 ).
P o u lso n  and P a r k in s  ( ! ‘; 7 5 ) ,  h av e  lilnwn t h a t  t h e  o d d i t i o n  o f  n i c k e l  t o  
a c o n v e n t io n a l  f o r r i t i c  u t .a in la w s  r .lr n ]  c< ' n i n iu q  0 .0 6 -0 .1 %  c a rb o n
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c a u s e d  s t r e s s - c o r r o s i o n  c ra c k in g  in  b o i l i n g  MgClg. The tim e  bo 
f a i l u r e  d e c r e a s e d  up t o  1% n i c k e l ,  th e n  in c r e a s e d  g r a d u a l ly  t o  6%
( th e  maximum n ic k e l  c o n t e n t  s t u d i e d ) .  On th e  o t h e r  h a n d , Bond and 
ju n d a s  (1 9 6 8 )  show ed t h a t  vacuum - und a i r - m e l t e d  1875 chrom ium  f e r r i t i c  
a l l o y s  w i th  c a rb o n  le v e ls ;  o f  40 and 350 ppm r e s p e c t i v e l y  and  c o n ta in ­
in g  up to  1.555 n i c k e l  d id  n o t  e r a  n t h e  name s o l u t i o n  ( T a b le  4 . 9 ) .  
The a u th o r s  found  t h a t  c r a c k in g  o n l j  c c u r r e d  when a b o u t  l?o o r  more 
n i c k e l  w as p r e s e n t  t o g e t h e r  w i th  m o'tb tiunum  in  t h e  a l l o y .  I n  t e s t s  
l e s s  s e v e r e  th a n  b o i l i n g  M gCl^i Tor ex  .triple th e  so d iu m  c h l o r i d e  w ick  
t e s t  w h ic h  i s  o f t e n  c o n s id e r e d  to  be m ore r e p r e s e n t a t i v e  o f  t h e  w ork 
s i t u a t i o n ,  t h e  c o m b in a t io n  c f  n i c k e l  and  molybdenum  d o e s  n o t  l e a d  to  
c r a c k in g .
C o ld -w ork inc) i s  a n o th e r  f a c t o r  e n h a n c in g  th e  s t r e s s - c o r r o s i o n  e f f e c t  
o f  n i c k e l  i n  f e r r i t i c  s t a i n l c a s  s t e e l s .  Bond and  D undas (1 9 6 8 )  
fo und  t h a t  a  17% chrom ium  a l l o y  c o n ta in i n g  1 .5 3  n i c k e l  becam e 
s u s c e p t i b l e  t o  c ro c k in g  when c o ld -w o r k e d , b u t  waa r e s i s t a n t  when 
c o r r e c t l y  a n n e a le d  ( T a b le  4 . 9 ) .  I n t e r s t i t i a l  e le m e n t  l e v e l  i s  
fo und  to  a f f e c t  c r a c k in g  s u s c e p t i b i l i t y ,  more p a r t i c u l a r l y  i n  h ig h -  
p u r i t y  a l l o y s .  S n a p s  (1 9 7 7 )  r e p o r t s  t h a t  on e le c t r o n -b e a m  m e lte d  
26Ci lM o -2 .6 N i a l l o y  d id  n o t  c r a c k  in  b o i l i n g  M gC l,. No a p p a r e n t  
r e l a t i o n s h i p  b e tw ee n  i n t e r s t i t i a l  p lem c-nt c o n te n t  a n d  n i c k e l  i s  
e v id e n t  i n  t h e  r e s u l t s  o f  Bond and  U undaa (1 9 6 8 ) f o r  f e r r i t i c  a l l o y s  
c o n ta in i n g  from  20 t o  690 ppm C iirbun .
H ic r o s t r u c t u r e  a p p e a r s  t o  h a v e  an  im p o r ta n t  i n f lu e n c e  on th e  s t r e s s -  
c o r r o s io n  c ro c k in g  o f  s t a i n l e s s  s t e e l s .  W ylie  (1 9 6 2 )  p a t e n t e d  a 
m a r t e n o i t i c - f e r r i t i c  s t a i n l e s s  s t e e l  c o n ta in i n g  b o th  n i c k e l  and  
m olybdenum  w h ich  d i d  n o t  u n d e rg o  c r o c k in g  i n  v a r io u s  c h l o r i d e  m edia  
( T a b le  4 . 1 0 ) .  The a l l o y  show ed tjond im p a c t s t r e n g t h  a t  low 
te m p e r a tu r e s ,  good w e l d n lu '. i t y  nml e x c e l l e n t  m e c h a n ic a l p r o p e r t i e s  a t  
m o d e ra te ly  e l e v a t e d  te m p e r a tu re s ; .  A . s im i la r  d u p le x - ty p e  a l l o y  h a s  
be en  d e s c r ib e d  by Trurnnn (1 9 6 8 )  w hich  show ed grind s t r o s s - c o r r o u i o n  
c r a c k in g  r e s i s t a n n c i .  In  c o n trn n L  tu  thi.’r,i> n - t,u lU s , M dtR ushim ia  and 
I s h i h a r a  (1 9 7 5 ) r e p o r t  L liu t th e  f'n rm nf tc.-fi o f  o th i ' r  p h a a e s ,  s u c h  a s  
r n a r te n u i te  and n u i . t e n i t n , dun Lu U io n i c k e l  n d i l j t i o n  in c r e a s e d  th e  
s u s c e p t i b i l i t y  t o  s t r e n s - c o r r n s i l m  c ra r .k in g  o f  :m 10?i chrom ium  a l lo y  
w i th  up to  1 . r>% n i n k c i .
*
F e rv ifc ic  S k a in le a a S t e e l s  i n  H o iU n a  (140"C ) MqCln.
(Hand and  D u n d as , 1968).
Alloy ( :) Time to
f . ’. l u r e  ( h r )
A ir  C ask A llo y s  ( a )
IS C r - lN i W .  NF
IB C c - lN i-lM o 4 -2 2
18C r-lN i-5M a 4 -4 5
V acuum -M elted  A llo v s  (b )
1 8 C r-0 .6 N i
1 8 C r-1 .5 N i
1 8 C r-1 .5 N i ( c o l d - r o l l e d )
2 5C r-3 .5M o
2 5 C r- lN i-3 .5 M o 22
Z 5 C r-d to -3 .5 f!o 5 .5
( a )  350  ppm c a rb o n NF - no f a i l u r e
( b )  40  pfim ca rb o n
T a b le  4 .  TO S t ro a s - C o r ro r . io n  C ro c k in n  Rnniritanca o f  Sm ooth T en s io n
S o ec im cn s o f  1 5 .7 C r- 2 . rA i - l l - to - 0 . S N b-0 .U 3C -0 .5S i-0 .6M n
S t a i n i e o s  S k e e 'l Expc:mud to  V a r io u s  C h lo r id e  S o l u t io n s .
(W yll.. 1962).
Time to
C h lo r id e  S a lu k ia n F a i l u r e  ( h r )
42% b o i l i n g  MgCl. 500 NF
3% HoCl ok 250"C 5(10 NF
Spec im en  cooked  w i th  NaCi and 5250 Nl
held a t  3:.H)UC in  nt.nnm
Specim oii froin s in iu h i te d  r n iv ln o
i n  h e a k - t r a n a i o i  - lu r f f jc c . (Watt’
n r n t a i r e d  1000 ppm NaCl and  im-La
kowpcraturc won 3 ) 0 " 0 )
Nf -  no fn i t u v o
4 . 4 . 3 .  P i t t i n g  C o r r o s io n  . N ic k e l  d o e s  n o t  h a v e  a  s t r o n g  e f f e c t  on 
th e  p i t t i n g  r e s i s t a n c e  o f  f e r r i t i c  s t a i n l e s s  s t e e l s ,  b u t  on b a la n c e  
i t  a p p e a r s  t o  b e  b e n e f i c i a l  (com pare  t h e  10Cr-2Mo a l l o y s  i n  T ab le  4 . 7 ) .  
N ic k e l  i s  r e p o r t e d  t o  i n c r e a s e  th e  p i t t i n g  r e s i s t a n c e  o f  a 21% 
chrom ium  a l l o y  i n  0 .5N  F sC l^  and p o t e n t i o s t a t i c  p o l a r i z a t i o n  m e asu re ­
m e n ts  show  t h a t  n i c k e l  i n c r e a s e s  t h e  p o t e n t i a l  a t  w hich  th e  p a s s iv e  
f i lm  u n d e rg o e s  breakdow n  i n  "5% N a C l( l.a n g e r  e t  a l . , 1 9 6 6 ) .
The h ig h -ch ro m iu m  s u p e r f e r r i t i c  s t a i n l e s s  s t e e l s  ( e . g .  28C r-4N i-2N o) 
c o n ta in  n i c k e l  i n  o r d e -  t o  im prove  g e n n ra l  c o r r o s io n  r e s i s t a n c e  and  
to u g h n e s s  f o r  v e ry  a g g r e s s iv e  e n v iro n m e n ts ,  a l th o u g h  i t  d o e s  re d u c e  
th e  s t r e s s - c o r r o s i o n  c r a c k in g  r e s i s t a n c e  o f  t h u  a l l o y s .
4 .5 .  S i l i c o n  . S i l i c o n  i s  p r e s e n t  a s  a r e s i d u a l  e le m e n t  i n  a l l  
s t a i n l e s s  s t e e l s ,  in c lu d in g  s u p e r f e r r i t i c s ,  ho t h e  e x t e n t  o f  a b o u t  0 .5?o. 
The c h i e f  a d v a n ta g e  o f  d e l i b e r a t e l y  L oying f e r r i t i c  s t a i n l e s s  s t e e l s  
w i th  s i l i c r n  i s  i n  r e s i s t a n c e  t o  s c a l i n g  and  o x id a t io n  a t  e le v a t e d  
te m p e r a tu r e s ,  w i th  l e v e l s  a s  low  a s  1% r a i s i n g  th e  te m p e r a tu r e  a t  
w h ich  f r e e  s c a l i n g  com m ences. W ith  r e s p e c t  t o  c o r r o s io n  r e s i s t a n c e ,  
s i l i c o n  a lo n e  h a s  l i t t l e  e f f e c t  u n l e s s  i n  a m oun ts  g r e a t e r  th a n  1%, 
a t  w h ic h  l e v e l  t h e r e  i s  in c r e a s e d  r e s i s t a n c e  t o  c o ld  a c i d s ,  su c h  a s  
n i t r i c ,  s u l p h u r i c ,  c i t r i c  a n d  o x a l i c .  R e s i s t a n c e  t o  h y d r o c h lo r i c ,  
a c e t i c  o r  c o n c e n t r a t e d  h o t  n i t r i c  a c i d s  d o e s  n o t  a p p e a r  t o  b e  im p ro v e d . 
S i l i c o n  c a n n o t  b e  a d d ed  t o  s t r a n l i - a s  s t e e l s  i n  am oun ts e x c e e d in g  a b o u t  
3% b e c a u s e  o f  i t  i n c r e a s e s  th e  u u s i m p t i b i l i t y  t o  sigm a  p h a s e  f o rm a tio n .
4 . 5 . 1 .  P i t t i n g  C o r r o s io n  . The c -f ft -c t o f  s i l i c o n  on th e  p i t t i n g  
r e s i s t a n c e  (an d  p a s s i v a t i o n )  o f  s t a i n l e s s  s t e e l s  h a s  be en  m e n tio n e d  
b r i e f l y  i n  p r e v io u s  s e c t i o n s ; .
S i l i c o n  a p p e a rs  t o  h a v e  b e en  one of th e  f i r s t  e le m e n ts  c o n s id e r e d  in  
e a r l y  a t t e m p t s  t o  im p ro v e  th e  p i l . tm > j r e s i u tu n c e  o f  a u s t e n l t i c  and 
f e r r i t i c  s t a i n l e s s  r . l n c l n .  S l r e i d ' c r  (1 9 M ) r e p o r t e d  t h e  d e v e lo p m e n t 
o f  an a u s t e n i t i c  1 ypt; 3161. o l l t iy  c o n t a in in q  2.5%  s i l i c o n  and 0.23%  
n i t r o g e n .  T h iu  a l l o y  (c o d e  iiw r'x l r.l’- 2 )  w-m found  to  bi’ r e s i s t a n t  to  
a g g r e s s iv e  p i t t i n g  lioi.ul.ic ina  suc fi <i?> W h O ^ A a r i  tip  t o  5 0 "C (T a b le  4 .1 1 ) .  
The rem o v a l o f  n i c k e l  from  tin? a l l o y  in  o r d e r  1 o  improve- r e s i s t a n c e  t o  
s t r e s s - c o r r o s i o n  c ra c k in g  le n d  to  f a b r i c a t i o n  p ro b le m s a l th o u g h  th e
r e s u l t i n g  a l l o y  was s t i l l  a s  r e s i s t a n t  t o  p i t t i n g  i n  KMnO^/NaCl a s  
t h e  S P -2  a l l o y . B e ca u se  o f  t h e s e  p ro b le m s molybdenum  was u se d  in  
p l a c e  o f  s i l i c o n  i n  f e r r i t i c  ty p e  a l l o y s .
T a b le  4 .1 1 .  C om p ariso n  o f  P i t t i n g  R e s is t a n c e  o f  S i l i c o n - c o n t a i n i n g  
A llo y  w i th  S t a i n l e s s  S t e e l s .  ( S t r e i c h e r ,  1 9 7 7 ) .
P i t t i n g  C o r ro s io n  
KHn04/N a C l( b )  F m C l y O y ) ^
R T " " 50°C 90*0 50°C
5 P - 2 ( e ) F Cf)
T ypes 30 4 , 316 a n d  316L - - - -
18C r-2M o(T i) - - - -
28Cr-2Mo R F F F
28C r-2M o-4N i(N b) F F
29Cr-4Mo
29Cr-4M o-2N i
( a )  Type 3161 a l l o y  w ith 2.5%  s i i t r o g e n  and  0 .033?
c a rb o n
( b )  21- KMnO^ -  2% N aC l, no c r e v i c e s  (pH = 7 .5 )
( c )  10?- F e C lj.S H ^ O , w i th  c r e v i c e s  (pH = 1 .6 )
( d )  Room te m p e r a tu re
( e )  No P i t t i n g
( f ) F a i l e d  by p i t t i n g  a n d /o r  c r e v i c e  c o r r o s i o n .
I n  th e  d e v e lo p m e n t o f  th e  S P -2  a l l o y ,  S t r e i c h e r  fo und  t h a t  s i l i c o n  
p r o v id e d  th e  g r e a t e s t  r e s i s t a n c e  t o  p i t  i n i t i a t i o n  i n  0 .1N  N aC l, 
b e in g  b e t t e r  th a n  m olybdenum . W hile  s i l i c o n  im p ro v e d  r e s i s t a n c e  t o  
p i t  i n i t i a t i o n ,  i t  c o u ld  n o t  b e  u se d  a lo n e  to  d e c r e a s e  p i t  p r o p a g a tio n  
b e c a u se  i t  d id  n o t  h a v e  much e f f e c t  nn p a s s i v a t i o n .  The b e s t  com bi­
n a t io n  w as o b ta in e d  by a d d in g  m olybdenum s in c e  t h i s  e le m e n t  hod a 
v e ry  b e n e f i c i a l  e f f e c t  on th e  p a s s i v a t i o n  c h a r a c t e r i s t i c s  o f  th e  
a l l o y .  S o a -w a tc r  e x p o s u re  t e s t s  c o n firm e d  H ie  r e s u l t s  o f  th e  
a c c e l e r a t e d  l a b o r a t o r y  a n d  feC 'l^  im m ersio n  t e s t s  i n  t h a t  a d d i t i o n s  
o f  s i l i c o n  im p ro v e  th e  p i t t i n g  r e s i s t a n c e  o f  Type 316 .
7 6 .
T h f s u s c e p t i b i l - i t y  o f  t h e s e  s i l i c o n - b e a r i n g  a u s t e n i t i c s  t o  i n t e r -  
g r a n u la r  c o r r o s io n  in  b o i l i n g  65% HNO^ w as Found to  I n c r e a s e  when 
s i l i c o n  w as p r e s e n t  i n  e x c e s s  o f  1%. The c o r r o s io n  r a c e  w as 0 .0 8 2  
mra/month c o r,p a re d  t o  0 .0 2 0  mm/month For Types 304  and 316  s t a i n l e s s
L iz lo v s  (1 9 6 6 )  exam in e d  th e  e f f e c t  o f  s i l i c o n  (nnrt molybdenum  and 
c o p p e r )  on th e  a n o d ic  b e h a v io u r  o f  a  17% chrom ium  f e r r i t i c  s t a i n l e s s  
s t e e l .  The a d d i t i o n  o f  1% s i t  con  to  a  17% chrom ium -m olybdenum  s t e e l  
d id  n o t  p ro d u c e  a s i g n ’ f i c .m t  c h an g e  i n  t h e  c r i t i c a l  c u r r e n t  d e n s i t y ,  
b u t  i t  d id  lo w e r  th e  p r im a ry  p a s s i v a t i o n  p o t e n t i a l  r e l a t i v e  t o  t h e  
s i l i c r n - f r e e  a l l o y s .  S i l i c o n ,  t h e r e f o r e ,  a p p e a rs  t o  p a r t i c i p a t e  i n  
th e  f o rm a t io n  and  s t a b i l i z a t i o n  o f  t h e  p a s s i v e - f i l m ,  an  e f f e c t  w h ich  
i s  more p ro n o u n c e d  f o r  th e  3% th a n  th e  1% molybdenum a l l o y .  On th e  
o th e r  h a n d , th e  a d d i t i o n  o f  s i l i c o n  t o  th e  3% m olybdenum a l l o y  i s  
d e t r i m e n t a l  a s  f a r  a s  t h e  a c t i v e  c o r r o s io n  r a t e  i s  c o n c e r n e d , 
a l th o u g h  no su c h  e f f e c t  w as found  f o r  t h e  1% m olybdenum a l l o y .
The p u b l i c a t i o n s  o f  T m iashov e t  a l . (1 9 6 4 )  and B i e f e r  (1 9 7 0 )  b o th  
show ed t h a t  s i l i c o n  had  a b e n e f i c i a l  e f f e c t  on r e s i s t a n c e  t o  p i t t i n g .  
A c c o rd in g  to  Tomaohov e t  a l . ,  i n c r e a s i n g  s i l i c o n  d e c r e a s e d  th e  
c o r r o s io n  r a t e  o f  an l8 C r-1 4 N i a l l a y  i n  F c C l j  ( f i g u r e  4 . 3 ) .  The 
p i t t i n g  p o t e n t i a l  i n  NaCl in c r e a s e d  above  t h a t  f o r  t h e  b a s e  a l l o y  
when th e  s i l i c o n  c o n te n t  e x c e e d e d  a b o u t  4% ( F ig u r e  4 . 4 ) .  P o l a r i z a ­
t i o n  m e asu re m en ts  by B i e f e r  on a Type 430 s t e e l  show ed t h a t  s i l i c o n  
in c r e a s e d  th e  p i t t i n g  p o t e n t i a l  i n  0 .5N  N aC l, i n  F a c t p r o d u c in g  a 
som ew hat b e t t e r  e f f e c t  th a n  van ad iu m  (+531 mV f o r  1.78%  s i l i c o n  
com pared  to  +488 s:V F o r 2.18%  v a n a d iu m ) . B righam  and  T o ze r  (1 9 7 4 )  
c o n f irm e d  t h i s  e f f e c t  o f  s i l i c o n  a t  th e  1.5% l e v e l  i n  i n c r e a s i n g  th e  
p i t t i n g  p o t e n t i a l  o f  an  1(1% chrom ium  a u a t c n i t i c  s t a i n l e s s  s t e e l .
4 . 5 . 2 .  S t r e s s - C o r r u s i n n  Cr a c k i n g . S i l i c o n  a p p e a rs  t o  im prove  th e  
r e s i s t a n c e  o f  h ic jh - o t r u n g th  s t.o u Jn  and  a u o t u n i t i c  s t a i n l e s s  s t e e l s  
to  s t r e s i i - c o r r o o i u n  c r a c k in g ,  b u t l i t t l e  in  known r e g a r d i n g  i t s  
e f f e c t  in  f e r r i t i c  s t a i n l e s s  o t w l a .  Bund and Dundoa (1 9 6 8 )  Found 
t h a t  s i l i c o n  d id  n o t  c h an g e  th e  Lime to  c ra c k in g  ( o r  no c r a c k in g )  
o f  v a r io u s  f e r r i t i c  a tn in L c a c  s t e e l s  i n  b o i l i n g  N gC lg , a n d  c o n c lu d e d
t h a t  i t s  e f f e c t  w as n e g l i g i b l e  i n  a m oun ts  up to  1%.
The e f f e c t  o f  s i l i c o n  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i s  b e t t e r  
d o c u m en te d , and  sum m arized  i n  t h e  p a p e r  by H ann inen  ( 1 9 7 9 ) .  S i l i c o n  
up t o  a b o u t  0.855 h a s  l i t t l e  e f f e c t  b u t  h ig h e r  l e v e l s  ( 1 .5  t o  2%) 
m a rk e d ly  im p ro v e d  th e  c ra c k in g  r e s i s t a n c e .  One way i n  w h ic h  i t  
i n f l u e n c e s  c r a c k in g  i s  t o  a c t  s y n e r g i s t i c o l l y  w i th  p h o sp h o ro u s  t o  
r e d u c e  th e  d e t r i m e n t a l  e f f e c t s  o f  t h e  l a t t e r .  I t  h a s  b e e n  c o n c lu d e d  
c iiu t r e s i s t a n c e  t o  c r o c k in g  o f  255 s i l i c o n  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  i s  n o t  o b ta in e d  by th e  a d d i t i o n  o f  s i l i c o n  a lo n e , b e c a u s e  
s i l i c o n  d o e s  n o t  s u s t a i n  t h e  r e s i s t a n c e  t o  c r a c k in g  u n le s s  i t  
c o e x i s t s  w i th  0.04555 o r  more s o l u t e  c a r b o n . T hus, s i l i c o n  may lo s e  
i t s  p o s i t i v e  e f f e c t  r e s u l t i n g  from  s e n s i t i z a t i o n  when c a rb o n  
p r e c i p i t a t e s  a s  a  c a r b i d e ,  e . g .  d u r in g  w e ld in g .
4 . 6 .  C opper
C opper i t s e l f  h a s  g ood  r e s i s t a n c e  t o  c o r r o s io n  by c o l d , d i l u t e ,  n o n ­
o x id i z in g  a n d  n o n - e e r o t e d  a c i d s , b u t  n o t  t o  th e  h o t  a c i d s .  C opper i s  
a d d e d  t o  n i c k e l - b a s e d  a l l o y s  ( e . g .  M onel) and  h a s  be en  c o n s id e r e d  a s  
an a l l o y i n g  e le m e n t  i n  s t a i n l e s s  s t e e l s  ( e . g .  C a r p e n te r  20C b-3) 
s p e c i f i c a l l y  t o  im prove  r e s i s t a n c e  t o  H^SO^.
The tw o l i m i t a t i o n s  t o  th e  am ount o f  c o p p e r  t h a t  c an  b e  a dded  to  
s t a i n l e s s  s t e e l s  a r e  f a b r i c a t i o n  p ro b le m s  ( h o t - s h o r t n e s s  a b o v e  a b o u t  
2&) a n d  s u s c e p t i b i l i t y  to  s t r e s s - c c r r o s i o n  c r a c k in g .  C opper h a s  a 
l i m i t e d  s o l u b i l i t y  i n  f e r r i t e  (1.455) com pared  t o  u u s t e n i t e  (B%).
I n  p a s s i v a t i o n  e x p e r im e n ts  i n  H^SO^ ( L iz lo v a ,  1 9 6 6 ) , t h e  a d d i t i o n  o f  
255 c o p p e r  t o  a 17C r-lM o a l l o y  d e c r e a s e d  th e  c r i t i c a l  c u r r e n t  d e n s i t y  
f o r  p r im a ry  p a s s i v a t i o n  s i g n i f i c a n t l y ,  b u t  p ro v ed  d e t r i m e n t a l  t o  
p a s s iv e  f i lm  s t a b i l i t y .  I n  c o n t r a s t ,  255 c o p p e r  a dded  t o  a  17Cr-3M o 
a l l o y  p ro d u c e d  o n ly  n sm a ll d o o r c a s e  in  th e  c r i t i c a l  c u r r e n t  d e n s i t y ,  
b u t  g r e a t l y  e n h a n c e d  th e  p a s s i v i t y  o f  t h e  a l l o y .
The e f f e c t  o f  c o p p e r  h a s  b e e n  exam ined  in  h ig h -ch ro m iu m  s u p e r f e r r i t i c  
s t a i n l e s s  s t e e l s  in  an a t te m p t l u  o b t a in  im proved  c o r r o s io n  r e s i s t a n c e
( L e n n a r tz  and  K ie s h e y e r ,  2 9 7 1 ) . Ah th e  0.5%  l e v e l ,  c o p p e r  d id  n o t  
in d u c e  s u s c e p t i b i l i t y  t o  s t r e s s - c o r r o s i o n  c ra c k - n g  i n  28C r-2M o-N i 
a l l o y s .  Bond and  D undas (1968 ) found  t h a t  c o p p e r  up t o  2% c a u se d  
c r a c k in g  i n  b o th  c o m m e rc ia l ly -a n d  v acu u m -m elted  17Cr-Mo a l l o y s  i n  
MgClg. T o r c o m b in a t io n s  o f  c o p p er  and n i c k e l  i n  lB C r-2M o-T i a l l o y s ,  
o n ly  th o s e  a l l o y s  w h ic h  show ed th e  f o l lo w in g  r e l a t i o n o h i p  w ere  found  
t o  b e  immune t o  s t r e s s - c o r r o s i o n  c ra c k in g  i n  M qCl^: *N i 3 ( "  Cu)<0 .9%  
( S te ig e r w a ld  e t  a l . ,  1 9 7 7 ) .
One o f  t h e  few c o m m e rc ia l ly  a v a i l a b l e  c o p p e r - c o n ta in in g  s t a i n l e s s  
s t e e l s  i s  C a r p e n te r  20C b-3 a  2 0C r-34N i-2 .5M o-3  a l l o y .  O r i g in a l ly  
t h i s  a l l o y  c o n ta in e d  29% n ic k e l  b u t  was fo u n d  t o  u n d e rg o  s t r e s s -  
c o r r o s io n  c r a c k in g  in  H^SD^ i n  t h e  c o n c e n t r a t i o n  r a n g e  20 to  80%.
T h is  c r a c k in g  w as a t t r i b u t e d  t o  th e  c a th o d ic  a c t i o n  o f  c o p p e r ,  and 
th e  p ro b lem  w as s o lv e d  by  i n c r e a s in g  th e  n i c k e l  l e v e l  from  29 t o  34%.
U .7 . T i ta n iu m  and  N iobium
T hese  e le m e n ts  a r c  a d d ed  to  f e r r i t i c  s t a i n l e s s  s t e e l s  a s  s t a b i l i z e r s  
t o  com bine  w i th  c a rb o i.  and  so  p r e v e n t  t h e  p r e c i p i t a t i o n  o f  chrom ium  
C frb ide w h ic h  l e a d s  t o  chrom ium  dep  . ' t i o n  a d j a c e n t  t o  t h e  g r a i n  
b o u n d a r ie s  a n d  h e n ce  s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  c o r r o s io n .  
T i t a n i u m - s t a b i l i z e d  a l l o y s  arc . n o t  immune t o  i n t e r g r a n u l a r  c o r r o s io n  
i n  v e ry  s t r o n g  o x id i z in g  s o l u t i o n s  due t o  d i s s o l u t i o n  o f  t i t a n iu m  
c a r b id e  o r  an  " i n v i s i b l e "  siejm a p h a se  su c h  a c  t h a t  e n c o u n te re d  in  
Type 316L s t a i n l e s s  s t e e l  (Demo and lkr>d , 1 9 7 5 ) .
T ita n iu m  and  n io b iu m  a r e  siomewhat d e t r i m e n t a l  t o  t h e  p i t t i n g  
r e s i s t a n c e  o f  a t a i n l c a a  s te e l . - ; ,  r o p c c i a l l y  when e i t h e r  e le m e n t  i s  
p r e s e n t  i n  e x c e s s  o f  s t a b i l i z a t i o n  r e q u i r e m e n ts  ( S z k la r s k a -S m ia lo w s k a , 
1971 ; Tomaohov c t  n l . ,  1 % 4 ; ueo a l s o  T a b le  4 . 7 ) .  When i n  t h e  
c o r r e c u  am ount f u r  r . t a b i l i z a l  i o n ,  ho w ev e r, b o th  elem entr>  may h av e  
a  b e n e f i c i a l  e f f e c t ,  on p i t  t in c j ( l . i z lo v s  mul B und, 1 9 6 9 ) . B oth  
e le m e n ts  h av e  l i l t l e  e f f e c t  on th e  p a r .e iv i i t io n  o f  a L a i n l f s s  s t e e l s ,  
b e in g  s l i g l i t l y  b e n e f i c i a l  (Ivm wilK iv m id  C h e rn o v a , 1 967 ) o r  d e t r i m e n t a l .
79.
5 . EXPERIMENTAL PROCEDURE
5 .1 ,  S e l e c t i o n  o f  E x p e r im e n ta l  A llo y s
The m a in  a d v a n ta g e  i n  a d d in g  molybdenum  to  a  f e r r i t i c  s t a i n l e s s  s t e e l ,  
su c h  a s  Type 4 4 4 , i s  t o  im p ro v e  th e  r e s i s t a n c e  t o  p i t t i n g  c o r r o s io n ;  
m olybdenum  a t  th e  2% l e v e l  h a s  v e ry  l i t t l e  i n f l u e n c e  on t h e  m e c h a n ic a l 
p r o p e r t i e s .  The c a rb o n  and  n i t r o g e n  c o n te n t s  o f  Type 444 o re  low  i n  
c o m p a r iso n  t o  c o n v e n t io n a l  f e r r i t x e  s t a i n l e s s  s t e e l s  su c h  a s  Type 430 
i n  o r d e r  t o  im p ro v e  t h e  m e c h a n ic a l p r o p e r t i e s ,  b u t  t h e  a l l o y  n e v e r th e ­
l e s s  h a s  l i m i t a t i o n s  a s  f a r  a s  w e ld in g  and to u g h n e s s ,  e s p e c i a l l y  in  
t h i c k  s e c t i o n s ,  a r e  c o n c e rn e d .  As a  r e s u l t ,  th e  c o m m erc ia l a p p l i c a t i o n  
o f  Type 444 s t a i n l e s s  s t e e l  i s  r e s t r i c t e d  t o  s e c t i o n s  l e s s  th a n  2 mm
I n  th e  p r e s e n t  s tu d y ,  w h ile  t h e  e m p h a s is  x s  on  r e p l a c i n g  molybdenum 
w i th  vanad ium  m a in ly  from  th e  p o in t  o f  v iew  o f  p i t t i n g  c o r r o s io n  
r e s i s t a n c e ,  c o m b in a t io n s  w ith  v a r io u s  o th e r  e le m e n ts  a r e  exam in e d  in  
an  a t te m p t  t o  im p ro v e  on  th e  o t h e r  i n f e r i o r  p r o p e r t i e s  o f  f e r r i t i c  
s t a i n l e s s  s t e e l s ,  nom ely  p o o r  r e s i s t a n c e  t o  r e d u c in g  a c i d s ,  
s u s c e p t i b i l i t y  t o  w eld  d e c a y  and  p o o r  to u g h n e s s .  The l i t e r a t u r e  
s u r v e y  i n  t h e  p r o c e e d in g  m 'o t io n u  h a s  r e v e a le d  t h a t  vanad ium  h a s  
a  b e n e f i c i a l  e f f e c t  on th e  p i t t i n g  r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s ,  
a l th o u g h  i t  i s  n o t  a s  e f f e c t i v e  a s  m olybdenum . As r e g a r d s  c o r r o s io n  
i n  g e n e r a l ,  i t  w ould  a p p e a r  t h a t  a b o u t  4% vanad ium  i s  c a p a b le  o f  
r e p l a c i n g  2% molybdenum  i n  s t a i n l e s s  s t e a l s .  T h is  f i g u r e  may be 
re d u c e d  by some 2?« i f  a  f a v o u r a b le  c o m b in a t io n  c a n  b e  fo u n d  w ith  an 
e le m e n t  s u c h  a s  s i l i c o n  w h ich  i s  a l s o  known t o  im prove  th e  p i t t i n g  
r e s i s t a n c e  o f  s t a i n l e s s  a t o e l o .  The s i l i c o n  l e v e l  w ould  n e e d  to  be 
k e p t  t o  l e s s  t h a n  1.5%  duo  t o  th e  p o s s i b i l i t y  o f  e m b r i t t l e m e n t  
o c c u r r i n g .  N ic k e l  h a s  b e tv s f i c in l  e f f e c t s  on b o th  th e  m e c h a n ic a l and 
c o r r o s io n  r e s i s t a n c e  p r o p e r t i e s  r>f f e r r i t i c  s t a i n l e s s  s t e e l s  and  i s  
t h e r e f o r e  a  w o rth w h i le  a l l o y i n g  e lem e n t, to  c o n s id e r .  An u p p e r  l i m i t  
o f  2% on th e  a d d i t i o n  o f  n i c k e l  i s  nc-coK-.nry i n  o r d e r  n o t  to  in c r e a s e  
s u s c e p t i b i l i t y  t o  a l r c n s i - o o r r o u in n  c ra c k in g  and th e  te n d e n c y  t o  form  
H tis b e n ite .  A n o th e r  e le m e n t  Lhnt linn n born f i c i n l  e f f e c t  i n  
a tm o s p h e r ic  and r e d u c in g  e o n c iit .in n s  i s  c o p p e r . Ago i n ,  due  t o  p ro b le m s 
s u c h  a s  ho t-s iho rtne ;> rs  and U ;-' p o s s i b i l i t y  o f  s t r e s s - c o r r o o i o n  c r a c k in g ,
t h e  am ount o f  c o p p e r  s h o u ld  n o t  e x c e e d  1-2% .
A n o th e r  f a c t o r  t o  b e  c o n s id e r e d  i n  t h e  d e v e lo p m e n t o f  a  v a n ad iu m - 
b e a r in g  f e r r i t i c  s t a i n l e s s  s t e e l  i s  t h a t  o f  s t a b i l i z a t i o n .  Vanadium i s  
a  s t r o n g  n i t r i d e  a n d  c a r b id e  Form er b u t  w o u ld  a p p e a r  n o t  t o  p r e v e n t  
s e n s i t i z a t i o n  u n le s s  p r e s e n t  i n  e x c e s s  o f  a b o u t  3%. The d e g re e  t o  
w h ich  a d d i t i o n a l  s t a b i l i z a t i o n  i s  r e q u i r e d  t o  o b t a in  optim um  b e n e f i t s  
t h e r e f o r e  n e e d s  t o  b e  i n v e s t i g a t e d .  I t  h a s  been  r e p o r t e d  t h a t  a  
com b ined  s t a b i l i z e r  a d d i t i o n ,  su c h  a s  t i t a n i u m  p lu s  n io b iu m , p r o v id e s  
t h e  b e s t  r e s u l t s ,  b u t  i n  k e e p in g  w i th  th e  p h i lo s o p h y  o f  t h e  p r o j e c t ,  
t h a t  . i s ,  o n ly  u s in g  m a t e r i a l s  t h a t  a r e  n o t  s t r a t e g i c a l l y  l i m i t e d  in  
S o u th  A f r i c a ,  t i t a n i u m  i s  t h e  p r e f e r r e d  c h o ic e .  The u s e  o f  a s in g l e  
s t a b i l i z e r  ( a p a r t  fro m  van ad iu m ) i s  p r e f e r r e d ,  s i n c e  th e  e f f e c t  o f  i t s  
a d d i t i o n  i s  more a m en a b le  t o  i n t e r p r e t a t i o n  com pared  to  m u l t i p l e  
a d d i t i o n s .  R e g a rd in g  th e  am ount o f  s t a b i l i z e r  t o  b e  a d d e d , th e  
g e n e r a l  l i t e r a t u r e  r e l a t i n s h i p  o f  s t a b i l i z e r  = 7(C-hN) w as u stid  (Demo, 
1 9 7 7 ) . F o r  a s p e c i f i e d  c a rb o n  p lu u  n if c r o g m  l e v e l  o f  125 ppm , th e  
am ount o f  s t a b i l i z e r  n e e d e d  w ould  b e  0 .09% .
The d e v e lo p m e n t o f  r e r r i t i c  s t a i n l e s s  s t o o l s  c o n ta in i n g  vanad ium  was 
t h e r e f o r e  exam ined  from  th r e e  v ie w p o in ts  i n  t h i s  s tu d y :
2 .  V anadium  m p la c e m p n t o f  m olybdenum .
2. E f f e c t  o f  s t a b i l i z a t i o n  w i th  t i t a n i u m  (an d  n io b iu m ) .
3 .  N ic k e l ,  s i l i c o n  and  c o p p e r  a d d i t i o n s .
The l e v e l s  o f  c a rb o n  and  n i t r o g e n  h av e  a  s i g n i f i c a n t  e f f e c t -  on b o th  
t h e  m e c h a n ic a l and  c o r r o s io n  r e s i s t a n t  p r o p e r t i e s  o f  s t a i n l e s s  s t e e l s .  
In  o r d e r  t o  r e d u c e  th e  d e t r i m e n t a l  o f f c c t u  o f  t h e i r  p r e s e n c e  to  a
m inimum, a s  w e l l  a s  a id  i n  th n  i n t e r p r e t a t i o n  o f  th e  o f f s e t s  o f  th e
a l lo y in g  e le m e n ts ,  n  mnximum com b in ed  c a r b o n  p l u s  n i t r o g e n  l e v e l  o f  
125 ppm woo s p e c i f i e d  i n  th e  p rcp.-izxit.ion o f  th e  t e s t  a l l o y s .
A f t e r  c a r e f u l  c w fK iu lfjrn lio n  o f  t h e  nbuve f a c t .n r u ,  and b e a r in g  in  mind 
co u t.'i and. th i;  rox im itiU H ) o f  u s e f u l  in f o r m a t io n  t o  bn o b ta in e d ,  some 
15 d i f f e r e n t  a l l o y  compooi t.iw vs w ere  d e c id e d  o n . The c o m p o s i t io n s  
o f  th e  a c t u a l  e x p e r im e n ta l  n lte y v , n re  g iv e n  in  T ab le  5 .1 .
T a b le  5 .1 .  C h e m ic a l C o m p o s itio n  o f  th e  E x p e r im e n ta l  A llo y s
IV 1B .0  1 .1 2  -  -  50 44 181
IV -T i 1 8 .0  1 .0 9  -  0 .0 7  50 67 41
I V - T i- lN i 1 7 .9  1 .0 5  0 .9 9  0 .0 9  50 45 64
2 .6V  1 7 .7  2 .6 7  -  -  100 57  125
2 .6 V -U  1 7 .7  2 .4 7  -  0 .0 7  30 80 147
2 .6 V -T i- lN i 1 8 .1  2 .6 1  0 .9 5  0 .1 0  40  84 153
4V 1 8 .0  4 .0 0  -  80 69  16
4V-Nb 1 7 .8  4 .1 0  -  70 80 24  0 .0 9  Nb
4V -Ti 1 7 .5  3 .9 3  -  0 .1 1  40 91 87
4 V -T i-lN i 1 8 .2  4 .1 9  1 .0 2  0 .1 2  80 63 91
4 V -F i-1 .5 N i 1 8 .0  4 .0 5  1 .5 1  0 .1 1  90 56 94
4V -T i-2N i 1 8 .1  4 .1 5  2 .0 3  0 .1 2  60 52 85
4 V -T i -1 .5 N i- 5 i  1 8 .0  4 .0 9  1 .5 0  0 .1 2  100 68 93 1 .4 8  S i
4 V -T i-1 .5 N i-C u  2 7 .6  4 . IB  1 .5 2  0 .1 2  4(1 44 91 1 .0 5  Cu
4V -ri-M o 1 7 .9  4 .J .7  -  0 .1 1  60 61 92 0 .8 6  Mo
N o te : Maximum c o n c e n t r a t i o n  o f  r e s i d u a l  e le m e n ts  i s  a s  f o l lo w s  (%):
S i  -  0 .0 4 ,  P-O.O Z, 5-11 .008 . M n-05, o ih e r a  11.02 { A l,C u .C o ,N i, e t c . )
5 .2 .  P r e t i a r a t i o n  o f  i.x f tr r i fm y ita l  Al lo y n
The e x p e r im e n ta l  a l l o y s  w ere  p r e p a r e d  from  p u r e  m a t e r i a l s  by vacuum 
i n d u c t io n  m o it in f j i n  th e  D ep u r lm e n t o f  M e ta l lu rg y  a t  S h e f f i e ld  
U n iv e r s i t y  i n  t h e  U n ite d  K ingdom . The c h e m ic a l c o m p o s i t io n s  g iv e n  in  
T ab le  5 .2  u r c  a l l  w i th in  t h e  .1 i r a i l s  s p e c i f i e d  by th e  a u th o r .  A f t e r  
c a s t i n g  a s  73 m  n g u n re  b i l l e t ; . ,  w e ig h in g  9 k g , th e  a l l o y s  w ere  h o t -  
r o l l a d  i n  a u c c c i i s iv i1 p a n n ra  from  lO W P  l a  a f i n a l  I h ic k n c a s  o f  12 mm.
The f iv e  m in u te  r o c r y s t .n l l  in n U u n  l.om peral i r e  was d e te rm in e d  u s in g  
s m a ll  sp e c im e n s  m e a su r in g  15 x 11 x 10 mm in  s . i / e ,  whi.cti w ere  h e a t -  
t r e a t e d  f o r  10 m in u te s  (5  m in u te s  t o  r e a c h  s p e c i f i e d  te m p e r a tu r e ,
8 2 .
5 m in u te s  a t  t e m p e r a t u r e ) .  An a v e r a g e  h a r d n e s s  v a lu e  For th e s e  
s p e c im e n s  was p l o t t e d  a g a i n s t  t e m p e r a tu r e , and th e  r e c r y s t a l l i s a t i o n  
te m p e r a tu r e  d e te r m in e d  (T a b le  5 . 2 ) .  The r o l l e d  p l a t e  m a t e r i a l  was 
th e n  a n n e a le d  a t  t h e  r e s p e c t i v e  te m p e r a tu r e  For 30 m in u te s  and w a te r  
q u e n c h e d , and th e  s p e c im e n s  u se d  f o r  m e c h a n ic a l  a n d  c o r r o s io n  t e s t i n g  
w ere  c u t  d i r e c t l y  From th e  p l a t e  m a t e r i a l .
T a b le  5 . 2 .  A n n e a lin g  (= R e c r y s t a l l i s a t i o n ) T e m p e ra tu re  For 
E x p e r im e n ta l  A llo y s
A llo y  A n n e a lin g  T em p e ra tu re  (°C )
IV
IV -T i
I V - T i- IN i
2.6V
2 .6 V -T i- lN i 
4V
4V -T i 
4 V -T i- lN i 
4 V -T i- I .5 N i 
4V -Ti-2iN i 
4 V -T i-1 .5 N i- S i  
4 V -T i-1 .5 N i-C u  
4V-Ti-M o
5 .3 .  T e s t  Frogram mn
The t o u t  p rogram m e in c U n k id  ilu t.’i i l u d  e x n n u n n tin n  oF th e  m e c h a n ic a l 
and  c o r r o s io n  r o i i is t n n L  pfop orllca  n l (.hn n lh iy :;. tk 'c lum ica l te s t . im j  
in v o lv e d  d o te r m in n t to n  nl" Lhn p r o p o r l i r a  iiivl im p a c t d u c t i l e -
t o - b r i t t l c  t r a n s i t i o n  to m n o ra L u rr '. C o r r o s io n  le& itin i] c u v e rc d  a n o d ic  
p o l a r i z a t io n  m JjV am! 0 .  IN KaVA, t o t n l  imi-Viraiiin t e s t s  i n
825
850
875
F e C l-j, HNG-j and  a c e t i c  a c i d  s o l u t i o n s  to  d e te r m in e  c o r r o s io n  r a t e s , 
and i n t e r g r a n u l a r  c o r r o s io n  t e s t i n g  u s in g  th e  S t r a u s s  t e s t .
5 . 3 . 1 .  M e c h a n ic a l T e s t i n g  P ro c e d u r e s  . The t e n s i l e  p r o p e r t i e s  o f  
t h e  a l l o y s  w ere  d e te r m in e d  by  th e  D e p a rtm e n t o f  M e ta l lu rg y ,  U n iv e r s i t y  
o f  S h e f f i e l d ,  a c c o rd in g  t o  BS18: P a r t  2 : 1971 u s in g  5 .6  mm d ia m e te r
s p e c im e n s .  The g a u g e  l e n g t h  f o r  e x te n s o m e tiy  w as 25 mm. Im pac t 
t e s t s  w ere  p e rfo rm e d  by th e  a u th o r  on o K a r l  F ra n k  Type 580 C herpy 
t e s t e r  w i th  a maximum b r e a k in g  e n e rg y  o f  294 J o u l e s ,  u s in g  f u l l - s i z e  
(10  mm s q u a r e )  V -n o tc h e d  sp e c im e n s  t o  05 131 : P a r t  2 : 1972 . The
s p e c im e n s  w ere  c u t  w i th  t h e i r  l e n g t h  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  
and  th e  V -n o tch  i n  th e  t h r o u g h - th i c k n e s s  s i d e ,  a n d  w ere  h e a te d  i n  an  
o i l  c o n ta in e r  im m ersed  in  a  t h e r m o s t a t i c a l l y  c o n t r o l l e d  w a t e r - b a th  
f o r  t e s t i n g  a t  v a r io u s  te m p e r a tu r e s .
V ic k e r s  diam ond h a rd n e s s  t e s t s  w ere  c a r r i e d  o u t  w i th  a  30 kg lo a d ,  
w i th  e a c h  r e s u l t  r e p o r t e d  b e in g  th e  a v e ra g e  o f  f o u r  d e te r m in a t io n s .
The f r a c t u r e  s u r f a c e s  o f  th e  im p a c t  s p e c im e n s  w ere  exam ined  by 
s c a n n in g  e l e c t r o n  m ic ro sc o p y  and  th e  c o m p o s i t i o n s  o f  p r e c i p i t a t e s  
d e te r m in e d  by X -roy  a n a l y s i s  (EDAX).
5 . 3 . 2 .  C o r r o s io n  T e s t in g  P r o c e d u r e s .  P a s s i v i t y  S t u d ie s .  
P o t e n t i o d y n a n ic  p o l a r i z a t i o n  e x p e r im e n ts  w ere  c a r r i e d  o u t  i n  IN HgSD^ 
u s in g  th e  same a p p a r a tu s  d e s c r ib e d  i n  ASTM S ta n d a rd  G 5-72 . The 
e l e c t r o c h e m ic a l  m e a s u r in g  e q u ip m en t c o m p ris e d  an  Amel Model 551 
p o t e n t i o s t a t  and  n n c i l l i o r y  m o d u le s , to g e th e r  w i th  o H e w le t t- P a c k a r d  
4060A , X-Y r e c o r d e r .  Thu t o s t  s o l u t i o n  w as p r e p a re d  from  a n a l y t i c a l  
g r a d e  H^SO^ made up i n  d i s t i l l e d  w ofcer, and  d c a o r a te d  d u r in g  th e  
e n t i r e  t e s t  w i th  b u b b lin g  a rg o n .  I h e  t o s t  c o l l  o f  one  l i t r e  c a p a c i ty  
was im m ersed  in  o t h e r m o s t a t i c a l l y  c o n t r o l l e d  w a t e r - b a th  m a in ta in e d
a t  31 -  0 . 5 oC. A l l  th e  p o t e n t i a l s  r e p o r t e d  i n  H um  s tu d y  o r e  r e l a t i v e  
t o  t h e  a u L u ro tc d  c a lo m e l e l e c t r o d e  (RCE).
The w o rk in g  e l e c t r o d e  w as in  th e  form  o f  a ro d  w i th  an a re a  o f  a p p r o x i ­
m a te ly  5 cm1 and  was s e c u r e d ,  v ia  u th r e a d e d  r o d ,  a g a i n s t  n  r u b b e r
0 - r i n g .  The t o u t  s p e c im e n s  w en : p r e p a re d  by p o l i s h in g  to  a  1Q00 g r i t  
f i n i s h  w ith  s i l i c o n  c a r b id e  p a p e r ,  c le a n e d  u l l . r a s u i i c a l l y  i n  a c e to n e
and a l c o h o l ,  a n d  th e n  im m ersed  im m e d ia te ly  i n  t h e  t e s t  e l e c t r o l y t e .
They w ere  th e n  c a t h o d i c a l l y  a c t i v a t e d  a t  -5 6 0  mV f o r  5 c i r t .  i n  o r d e r  
t o  rem ove any  p a s s iv e  f i lm  t h a t  may h av e  fo rm ed  on t h s  s u r f a c e ,  and  
s u b s e q u e n t ly  a llo w e d  t o  s t a b i l i z e  f o r  one h o u r .  P o l a r i z a t i o n  was 
b egun  i n  t h e  a n o d ic  d i r e c t i o n  a t  a  s c a n  r o t e  o f  200y d / / s e c ,  from  a 
p o s i t i o n  20 mV bolow  th e  f r c e - c o r r o s i o n  p o t e n t i a l  so  t h a t  th e  
l i n e a r  p o l a r i z a t i o n  te c h n iq u e  c o u ld  be uo ed  to  d e te r m in e  th e  c o r r o s io n  
r a t e .  A s lo w  s c a n n in g  r a t e  was c h o se n  i n  o r d e r  t o  m are  c l o s e l y  
a p p ro x im a te  e l e c t r o c h e m ic a l  e q u i l i b r iu m  c o n d i t i o n s  d u r in g  th e  
e x p e r im e n t .  S c a n n in q  r a t o s  i n  t h e  l i t e r a t u r e  v a ry  from  144ytkV/s 
(Bond e t  a l . , 1 977 ) t o  a s u g g e s te d  10Q0yM.V/o (Man a n d  G abe, 1 9 8 1 ) .
A l l  t h e  e x p e r im e n ta l  a l l o y s  w ere t e s t e d  i n  d u p l i c a t e .
P i t t i n g  T e s t s  . A nod ic  p o l a r i z a t i o n  and  im m ers io n  t e s t s  w ere  c a r r i e d  
o u t  t o  d e te r m in e  th e  s u s c e p t i b i l i t y  o f  t h e  a l l o y s  to  p i t t i n g  c o r r o s io n .  
The p i t t i n g  p o t e n t i a l  was d e te r m in e d  by a n o d ic  p o l a r i z a t i o n  i n  a
0 . IN NaCl s o l u t i o n  d e a r a t c d  w i th  a rg o n ,  a t  t h r e e  t e m p e r a t u r e s : 3 1 ,
59 and  8 1 °C . The NaCl s o l u t i o n  w as p r e p a r e d  by d i s s o l v i n g  a n a l y t i c a l  
g ra d e  NaCl i n  d i s t i l l e d  w a t e r .  The same a p p a r a tu s  a n d  r u n n in g  p r o c e d u re  
a a  u s e d  f o r  t h e  p a s s i v i t y  s t u d i e s ,  w ith  t h e  e x c e p t  n o te d  b e lo w , was 
f o l lo w e d  h e r e .  No a t te m p t  woo mode to  mas* o f f  t h e  a r e a  b e tw ee n  th e  
sp e c im e n  a n d  th e  0 - r i n g  w i th  t h e  r e s u l t  t h a t  s l i g h t  c c e v i c in g  to  
v a ry in g  d e g r e e s  was found  d u r i a n  t h e  e x p e r im e n ts .  The r e s u l t s  s h o u ld  
t h e r e f o r e  b e  r e g a rd e d  a s  a b s o lu t e  w i th in  t h i s  s tu d y  o n ly ,  b u t  r e l a t i v e  
w i th  r e s p e c t  to  o t h e r  p u b l i s h e d  r e s u l t s .  The p i t t i n g  p o t e n t i a l  was 
ta k e n  a t  a  v a lu e  c o r r e s p o n d in g  t n  a c u r r e n t  d e n s i ty  o f  lO yiA /cm ’ , a s  
s u g g e s te d  by Truman ( 1 9 7 0 ) .  B e ca u se  o f  th e  p o o r r e p r o d u c i b i l i t y  o f  t h e  
r e s u l t s ,  from  two t o  f o u r  p o l a r i z a t i o n  ru n n  w ere  n e c e s s a r y  f o r  e a c h  
a l l o y  a t  a  g iv e n  te m p e r a tu r e  i n  o r d e r  t o  o b t a in  m ore r e a l i s t i c  a v e r a g e  
v a l u e s .  S t a t i s t i c : )  r e l a t i n g  to  r e p r o d u c i b i l i t y  o f  t h e  d a t a  a r c  
r e c o r d e d  in  t h e  r e l e v a n t  t a b l e  o f  r o a u l t o .
The p r o t e c t i o n  p o t e n t i a l  wan aV.iti d e tu rm ii ' d  i n  mrj-rt o f  t h e  r u n s  
by r e v e r s i n g  th e  n c a n n in g  d i r e c t i o n  a t  a  c u r r e n t  t i '- n o i ty  o f  ItiO yiA /cm 2 , 
and  th e  p o i n t  n o te d  a t  w h ich  th e  a n o d ic  c u rv e  w as I r t l e r a o c lu u .
H ow ever, b e ca u o o  o f  th e  e x t remu v a r i a b i l i t y  o f  th e  r e s u l t s  ( p ro b a b ly  
e n h an c ed  by th e  o c c u r re n c e  o f  c ro v ic L n q  a t  I he f ip c c im e n /o - r ln g
. i n t e r f a c e ) ,  t h e  p r o t e c t i o n  p o t e n t i a l  w as n o t  c o n s id e r e d  w o rth  
;x :r:t.ird iny . F o l lo w in g  d e t e r m in a t io n  o f  th e  p r o t e c t i o n  p o t e n t i a l ,  one  
iinoc.imen o f  e a c h  a l l o y  was a n o d ic a l ly  p o l a r i z e d  a t  a  f a s t  s c a n  o f  
2 m V /aec to  a  c u r r e n t  d e n s i ty  v a ry in g  from  10 -  50y iA /c raz i n  o r d e r  to  
in d u c e  s i g n i f i c '^ v  p i t t i n g .  Ih e y e  s p e c im e n s  w ere  s u b s e q u e n t ly  exam in e d  
u n d e r  t h e  s c a n n in g  e l e c t r o n  m ic ro sc o p e  to  d e te r m in e  th e  n a t u r e  o f  th e  
p i t t i n g .
In d e te r m in in g  th a  a n o d ic  p o l a r i s a t i o n  c h a r a c t e r i s t i c s  i n  NaCl i t  was 
found  t h a t  t h e  f r e e - c o r r o s i o n  p o t e n t i a l  v a r i e d  w id e ly  i n  r e p l i c a t e  
d e t e r m in a t io n s .  I n i t i . i D y , c n t h o d i c  a c t i v a t i o n  was n o t  c a r r i e d  o u t  
b u t  l a t e r ,  i n  an  a t te m p t  t o  o b t a in  n m ore r e p r o d u c i b l e  f r e e - c o r r o a io n  
p o t e n t i a l ,  a c t i v a t i o n  a t  -8 5 0  mV w as p e rfo rm e d  (no  h y d ro g e n  was 
e v o lv e d  a t  t h i s  p o t e n t i a l ) .  A bout 30% o f  a l l  r u n s  w ere  c a t h o d i c a l l y  
a c t i v a t e d  and  th e  r e s u l t s  i n d i c a t e d  t h a t  t h i s  l e d  t o  more r e p r o d u c i b l e  
(;ind m ore c a th o d ic )  v a lu e s .  Cafchodic a c t i v a t i o n  d i d  n o t  a p p e a r  t o
h a v e  any s y s t e m a t i c  e f f e c t  on th e  p i t t i n g  p o t e n t i a l .  In  tw o c a s e s
c .peo im sns w ere  c a th o d ic , i l l y  a c t i v a t e d  s o  t h a t  h y d ro g en  e v o lu t io n  
o c c u r r e d  ( -1 0 0 0  a n d  -1 4 0 0  mV r e s p e c t i v e l y ) ,a n d  t h i s  r e s u l t e d  i n  t h e  
f re E i - c o r ro s io n  p o t e n t i a l  b e in g  M is e r :  (m ade more n o b le )  t o  th a  e x t e n t  
t h a t  i t  was n o t  p o s s i b l e  t o  d e te r m in e  th e  p r o t e c t i o n  p o t e n t i a l .  F o r
t h i s  r e a s o n ,  a  v a lu e  o f  - 8 5 0  raV tvss u s e d  f o r  c a th o d ic  a c t i v a t i o n  in
th e  e x p e ’ I 'n e n ts .
R t i iu s ta n c e  t o  p i t t i n g  was a lu o  a s s e s s e d  u s in g  th e  ASTH S ta n d a rd  G 48-76 , 
in v o lv i n g  im m ers io n  in  a  6% F eC l^  s o l u t i o n  a t  room te m p e r a tu re  (2 3 °C ) 
f o r  72 h o u r s .  The t o s t  i io lu l i m  was p r e p a re d  from  a n a l y t i c a l  g ra d e  
h c C ly 6 i i ^ 0  d im iu lv o d  i n  d i s t i l l e d  w a t e r .  f o r  t h e  t e s t
m e asu re d  a p p ro x im a te ly  30 x 40 x 3 mm in  s i z e  and  w ere  u s e d  in  th e  a s -  
g ro u n d  c o n d i t i o n .  They w ere  c L oaned  u l t r n s o f u c o l l y  i n  a c e to n e  and  
L -th.jjir-l, a i r - d r i e d ,  w e ig h e d , and !> lo m l i n  a d e s i c c a t o r  f o r  s u b s e q u e n t  
us.(;. ih o  narnc c lo rin iru j p ru c e d u fo  wiv; i"o il-nnxl a f t o r  Hu- im m ers io n  t e s t .  
'iu:.'--i‘| i t i i j i ! i t.y to  p i l i . i n r |  fo rro - .ji im  wrrr fi:;:;,'lintnl by  tn w i'ju rin q  th e  
v.'utrjhL lo a n .
C e n tr a l  C o r r o s io n  FnuUi . tf .^ f  im i  t o  a ouonu  g e n e r a l
i.-n i'in fuon  wan c a r r i e d  tiul. a c c o rd in t ]  t o  th e  AGIM S ta n d a rd  0 3 1 -7 2  u s in g
b o i l i n g  s o l u t i o n s  o f  c o n c e n t r a t e d  HMOj ( 6 % )  and  355 o x a l i c  a c i d .  The 
t e s t  s o l u t i o n s  w ere  p r e p a r e d  From a n a l y t i c a l  g r a d e  r e a g e n t s  d is s o l v e d  
i n  d i s t i l l e d  w a t e r .  F l a t  s p e c im e n s  o f  t h e  same s i z e  and  p r e p a re d  i n  
t h e  same way a s  f o r  t h e  F eC l^  p i t t i n g  t e s t s  w ere  u s e d .  The im m ers io n  
a p p a r a tu s  c o m p ris e d  a one  l i t r e  r o u n d -b o tto m e d  f l a s k  s e a t e d  i n  a 
h e a t i n g  m a n t le ,  w i th  a  d o u b le - w a l le d  c o n d e n so r  c o n n e c te d  to  a  w id e ­
m outhed  g r o u n d - g l a s s  j o i n t  a t  t h e  to p  o f  t h e  f l a s k .  The sp e c im en  
w as p la c e d  i n  th e  t e s t  s o l u t i o n  on a - . a s s  c r a d l e  w ith  o n ly  one 
sp e c im e n  t e s t e d  i n  e a c h  f l a s k .
The t e s t s  w ere  ru n  u n t i l  th e  sp e c im en  a p p e a re d  t o  h a v e  u n d e rg o n e  
s i g n i f i c a n t  c o r r o s i o n ,  o s  i n d i c a t e d  by d i s c o l o u r a t i o n  o f  t h e  t e s t  
s o l u t i o n .  T h is  p u r io d  v a r i e d  fro m  und co 16 d a y s  ( r e c o r d e d  i n  t h e  
t a b l e  o f  r e s u l t s ) .  ' . Fh e r  rem o v a l from  th e  t e s t  s o l u t i o n  th e  sa m p le s  
w ere  b ru s h e d  u n d e r  f lo w in g  w a t e r ,  th e n  u l t r a s o n i c a l l y  c le a n e d  in  
a c e to n e  and  e t h a n o l ,  d r i e d ,  and f i n a l l y  w eighed  t o  d e te r m in e  th e  
w e ig h t  l o s s .
A . n a t i v e  a s s e s s m e n t  o f  t h e  c o r r o s io n  r a t e  i n  IN H^SO^ w as a l s o  made 
u s in g  th e  m ethod  o f  l i n e a r  p o l a r i z a t i o n .  The s lo p e  o f  th e  
p o l a r i z a t i o n  c u rv e  w i th in  10 mV o f  th e  f r e e - c o r r g s i o n  p o t e n t i a l  was 
d e te r m in e d  and  u s in g  a v e r a g e  l i t e r a t u r e  v a lu e s  f o r  t h e  c a th o d ic  and 
a n o d ic  T a f e l  s l o p e s  o f  110 and  BO m V /decade (ASTM G 59-78 , a n d  L i z lo v s ,  
1 9 6 6 ) , th e  c o r r o s i o n  r a t e  was o b ta in e d  by s u b s t i t u t i o n  i n  t h e  S t e r n -  
G eary  "o rm u lo :
= _  ____
c o r r  " ( 2 .  3 )  ( s lo p e )  ( jB*. +  )
w hore  f i a.  -  a n o d ic  T a f e l  s lo p e
= c a th o d ic  T a f e l  s l o p e .
I n t e r q r a n u l a r  f o r r o s i u u  T e a t in n  . h e a t - t r e a t e d  and a s - a n n e a le d  
sp e c im e n s  w ere  t e s t e d  i n  n Cu/CuTiO^/H^iQ^ a o l u t i o n  a c c o rd in g  t o  th e  
S t r a u s s  t e a t  (ASTM, A 262-75 , P r a c t i c e  C ) , The t e s t  s o l u t i o n  was 
p r e p a re d  by d i s s o l v i n g  a n n l y l i c n l  r n n y c n t  g r a d e  C uS O ..51(^0 and  H ^SO ^in 
d i s t i l l e d  w a t e r .  E l e c t r o l y t i c  g ra d e  c o p p e r  w ire  p i e c e s  c o v e re d  th e
t e s t  s p e c im e n s  co m p le te .1 y d u r in g  th e  e x p e r im e n t .  H e a t - t r e a tm e n t  to  
s e n s i t i z e  t h e  a l l o y s  in v o lv e d  h e a t in g  a t  1150°C For one h o u r ,  
f o llo w e d  by w a te r  q u e n c h in g .  The t e s t  sp e c J  .ions m easu red  
a p p ro x im a te ly  2 .6  x 8 .4  x 66 mm i n  s i z e  and  w ere  p r e p a r e d  i n  th e  
same way a s  f o r  t h e  im m ers io n  t e s t s .  B oth  s e n s i t i z e d  a n d  a s - a n n e a le d  
sp e c im en s  o f  t h e  sam e a l l o y  w ere  t e s t e d  i n  t h e  same f l a s k  ( a p p a r a tu s  
a a  f o r  im m ers io n  t e s t s ) .  A f t e r  im m ers io n  i n  t h e  b o i l i n g  t e s t  
s o l u t i o n  fo i  26  h o u r s ,  t h e  s p e c im e n s  w ere  rem oved  and c le a n e d  a s  
f o r  t h e  im m ers io n  t e s t s .  F o l lo w in g  c l e a n in g ,  t h e  sp e c im e n s  w ere 
b e n t  th r o u g h  179°C o v e r  a  3 ran d ia m e te r  s h a f t  u s in g  a h y d r a u l i c  p r e s s  
and th e  a p p a r a tu s  d e s ig n e d  by t h e  a u th o r  ( s e c  A ppend ix  f o r  d e t a i l s ) .  
They w ere  th e n  e x am in e d  u n d e r  th e  e l e c t r o n  m ic ro sc o p e  f o r  e v id e n c e  
o f  i n t e r g r a n u l a r  c r a c k in g .
The S t r a u s s  t e s t  i s  recom m ended by S t r e i e h e r  (1 9 7 8 ) f o r  t h e  t e s t i n g  
o f  low -  i n t e r s t i t i a l  f e r r i t i n  s t a i n l e s s  s t e e l s .  Time d id  n o t  p e rm i t  
t h e  u s e  o f  t h e  o t h e r  recom m ended m ethod  f o r  t h e s e  ty p e s  o f  a l l o y s ,  
nam ely  th e  f e r r i c  s u l p h a t e  and s u lp h u r i c  a c i d  t e s t .
6 . RESULTS AND DISCUSSION
6 .1 .  H ic ro s t ru c b u rR
O p t i c a l  m ic r o s c o p ic  e x a m in a t io n  o f  th e  e x p e r im e n ta l  a l l o y s  show ed t h a t  
th e y  w ere  com posed  o f  f e r r i t e  o n ly .  E tc h in g  i n  B e r a h a 's  s o l u t i o n  
(B e ra h a , 1 9 6 6 )  r e v e a l e d  th e  n a t u r e  o f  t h e  g r a i n  b o u n d a r ie s  and th e  fo rm  
and d i s t r i b u t i o n  o f  t h e  p r e c i p i t a t e s .  T a b le  6 .1  show s t h a t  th e  F e -C r-V  
a l l e y s  h av e  th e  l a r g e s t  and  m ost v a r i a b l e  g r a i n  s i z e .  ( I t  i s  p o s s i b l e  
t h a t  t h e  18C r-4V  a l l o y , w hich  h a s  th e  l a r g e s t  g r a i n  s i z e ,  i s  n o t  f u l l y  r e ­
c r y s t a l l i s e d ) .  S t a b i l i z a t i o n  o f  t h e  a l l o y s  w i th  t i t a n iu m  i s  found  to  
d e c r e a s e  t h e  g r a in  s i z e  i n  a l l  c a s e s , b u t  i n t e r e s t i n g l y  t h i s  d o e s  n o t  
o c c u r  f o r  n io b iu m  s t a b i l i z a t i o n .
The p r e c i p i t a t e s  v i s i b l e  u n d e r  th e  o p t i c a l  m ic ro s c o p e  v a ry  from  s m a l l ,  
i r r e g u l a r  t n  l a r g i s h  s q u a re - s h a p e d  ty p e s  up  t o  0 .0 0 5  mm a c r o s s .  The 
l a s t ,  w h ich  a r e  p r e s e n t  i n  a l l  c h e  a l l o y s  e x c e p t  t tv  l " f : - 4 V  and 18C r 
18Cr-4V -N b a l l o y s ,  t y p i c a l l y  show  a  d a r k e r  c o r e  a n :  v  ■o n d a ry  p r e c i p i ­
t a t i o n  a ro u n d  th e  e d g e . ( F ig u r e s  6 .1  and  6 . 2 ) .  C o n ^ cu iso n  o f  t h e s e  
p r e c i p i t a t e s  w i th  th o s e  i l l u s t r a t e d  i n  o t h e r  p u b l i c a t i o n s  ( e . g .
P o l l a r d ,  1 9 7 4 ) ,  i n d i c a t e s  them  to  b e  n i t r i d e s  o r  c a r b o n i t r i d e s .  The 
am ount o f  p r e c i p i t a t i o n  i s  found  to  v a ry  a c c o rd in g  to  t h e  p r e s e n c e  o f  
t i t a n iu m  a n d  th e  d e g re e  o f  a l l o y i n g .  S t a b i l i z a t i o n  w i th  t i t a n iu m  
in c r e a s e s  t h e  am ount o f  p r e c i p i t a t i o n  and th e  a d d i t i o n  o f  a l l o y in g  
e le m e n ts  i n c r e a s e s  t h i s  p r e c i p i t a t i o n  ev en  f u r t h e r .
O p t i c a l  m ic r o s c o p ic  e x a m in a tio n  h a s  n o t  r e v e a le d  u n a m b ig u o u s ly  w h e th e r  
o r  n o t  g r a i n  b o u n d a ry  p r e c i p i t a t i o n  in  p r e s e n t , a n d  t r a n s m is s io n  
e l e c t r o n  m ic ro sc o p y  seem s n e c e s s a r y  t o  c l a r i f y  t h i s  p o i n t .  P h o to g ra p h s  
i n  p u b l i c a t i o n s  ( e . g .  Abo e t  a l . , .1977) show ing  th e  p r e s e n c e  o r  a b se n c e  
o f  g r a in - b o u n d a ry  p r e c i p i t a t e s  in  l o w - i n t e r s t i t i a l  f e r r i t i c  s t a i n l e s s  
s t e e l s  a r e  n o t  a lw a y s  c o n v in c in g  t o  th e  a u th o r .
6 . 2 .  Me c h a n ic a l  P r o p o r t i o n
6 . 2 . 1 .  T e n s i le  P r o p e r t i e s . The t e n s i l e  p r o p e r t i e s  o f  th e  e x p e r im e n ta l  
a l l o y s  a r e  l i s t e d  i n  T able  6 . 2 .  Shown f o r  c o m p a r iso n  in  th e  same T ab le  
a r e  some v a lu e s  f o r  t h e  c o m m erc ia l s t a i n l e s s  s t e e l s ,  T ypes 316L. 436  
and  44 4 .
T a b le  6 .1 .  The V a r ia t io n  o f  G ra in  S i z e  and  P r e c i p i t a t e  C o n te n t
A llo y
IV
1V-T1
I V - T i- lN i
2.6V
2.6V -T 1
2 .6 7 - T i - l N i
4V-Nb
4V-T1
4V-T1-1N
4 V -T i-1 .5 N i
4V -Ti-1N 1
4 V -T i-1 .5 N i
4 V -T i-1 .5 M i
4V-Ti-M o
w ith  C o m p o s itio n  i n  t h e  E x p er im e n b o l A llo y s  
ASTM
G ra in  S i z e  P r e c i p i t a t e  C onten t. ( R e la t i v e )  0 
1 -4  Very few
4 More th a n  p r e v io u s  two
1 -4  Feii (m ore t h a n  IV )
4  Few (m ore th a n  2 .6V )
3 -4  F a i r  num ber (=  I V - T i- lN i)
Very few
V ery few
F a i r  num ber
F a i r  number
"
"
"
"
"
( a )  D a ta  from  o p t i c a l  m ic ro sc o p y
9 0 .
F i g u r e  6 .1 .  T y p ic a l  l a r g e ,  s q u a re - s h a p e d  p r e c i p i t a t e  found  in  a l l  t h e  
e x p e r im e n ta l  a l l o y s  ( e x c e p t  4V and  4V-Nb a l l o y s )  show ing  
se c o n d a ry  p r e c i p i t a t i o n  a ro u n d  th e  e d g e . P ro b a b ly  a 
n i t r i d e  o r  c a r b o n i t r i d e .  ( E tc h e d , %6oo )
F ig u re  6 .2 .  R a r e r  ty p e  o f  p r i 't H p i . t a lo ,  p r u u a h ly  t i t a n iu m  n i t r i d e .  
( E tc h e d ,  x6 ')0  )
T a b le  6 .2 .  T e n s i l e  P r o p e r t i e s  o f  t h s  E x p e r im e n ta l  A llo y s  Com pared
t o  O th e r  S t a i n l e s s  S t e e l s .
A llo y
Y ie ld  ,  , 
S t re n g th ^ UTS E lo n g a t io n
H ard n es s
(VPN)
IV 150
IV -T i 132
IV - T i- IN i 85 150
2 .6V 83 151
2 .6 V -T i 261 4 0 2 .6 75 143
2 .6 V -T i- lN i 3 0 5 .6 4 2 0 .7 154
3 3 9 .3 4 6 9 .1 159
4V-Nb 3 1 2 .4 164
4V-T1 2 8 0 .0
tiV -T i-IN i 3 4 2 .5 156
4 V -T i-1 .5 N i^ b ^ 3 8 3 .4 4 7 4 .3 168
4V -T i-2N i M i . 7 4 8 2 .5 171
W - T i - 1 .5 N i - S i (b ) 4 6 6 .6 5 7 1 .4 Z l l
4 V -T i-1 .5?V i-C u(b ) 5 0 1 .4 181
4V -Ti-M o^b ^ 3 1 1 .2 4 5 8 .7 171
Type 4 3 6 ( c ) 365 531 _ _
Type 444^c ^ 360 515 - -
Type 316 (c5 234 -
^  M P a.V an ad iu m -b earin g  a l l o y s  a c c u r a t e  t o  -  0 .1  MPa. Y ie ld  s t r e n g t h  
. . c o r r e s p o n d s  t o  0.2%  p r o  i f  s t r e s s .
S p ec im en s b ro k e  o u t s i d e  gauge  le n g th .
^  From C lim ax  Molybdenum and  NACC C o r ro iiio n  tn g in o e r s  R e fe re n c e  
Book (1 9 8 0 ).
The t e n s i l e  s t r e n g t h  a n d  p e r c e n ta g e  e lo n g a t i o n  v a lu e s  o f  t h e  vanad ium - 
b e a r in g  a l l a y s  a r e  lo w e r  th a n  f o r  t h e  a u s t e n i t i c  T ypes 304  and 3 1 6 , 
w h ile  t h e  y i e l d  s t r e n g t h  i s  h i g h e r .  T hese  t r e n d s ,  w hich  a r e  due  t o  th e  
w o rk -h a rd e n in g  e f f e c t  o f  n ic k e J  i n  th e  a u s t e n i t i c  s t a i n l e s s  s t e e l s , 
a r e  s i m i l a r  t o  th o s e  found  f o r  f e r r i t i c  s t a i n l e s s  s t e e l s  i n  g e n e r a l .
The f o l lo w in g  g e n e r a l  c o n c lu s i o n s  r e g a r d i n g  th e  e f f e c t  o f  o th e r  
a l l o y i n g  e le m e n ts  c an  b e  i n f e r r e d  from  T a b le  6 .2 :
( i )  s t a b i l i z a t i o n  r e d u c e s  t h e  s t r e n g t h  a n d  h a s  a  v a r i a b l e
e f f e c t  on d u c t i l i t y  w h ic h  i s  lo w e re d  a t  t h e  I S  vanadium  
l e v e l ,  b u t  r a i s e d  a t  t h e  425 l e v e l .  N iobium  i s  more 
b e n e f i c i a l  t h i n  t i t a n i u m ,  p r o d u c in g  h ig h e r  s t r e n g t h  v a lu e s  
and im p ro v in g  th e  d u c t i l i t y .
( 1 1 )  n i c k e l  r a i s e s  th e  s t r e n g t h  ( i n  t h e  s t a b i l i z e d  c o n d i t io n )
b u t  r e d u c e s  th e  u l t i m a t e  t e n s i l e  s t r e n g t h  -  y i e l d  s t r e n g t h
( i l l )  i n c r e a s in g  n i c k e l  a t  a  c o n s t a n t  vanadium  l e v e l ,  i n c r e a s e s  
t h e  s t r e n g t h  and th e  d u c t i l i t y .
( i v )  s i l i c o n  in c r e a s e s  t h e  s t r e n g t h  c o n s id e r a b ly  b u t  r e d u c e s  
t h e  d u c t i l i t y .
( v )  c o p p e r  and  m olybdenum in c r e a s e  t h e  s t r e n g t h .  Molybdenum
r e d u c e s  t h e  d u c t i l i t y  s l i g h t l y ,  b u t  c o p p e r  h a s  a  n e g l i g i b l e
The d a t a  do n o t  show any  d r a m a t ic  o r  u n e x p e c te d  t r e n d s .  S in c e  th e
c a rb o n  a n d  n i t r o g e n  l e v e l s  v a ry  w i th in  a n a rro w  r a n g e ,  t h e  t r e n d s  
show n c an  b e  a s c r ib e d  l a r g e l y  t o  t h e  e f f e c t  o f  a l l o y  e le m e n ts .
The i n t r o d u c t i o n  o f  s u b s t i t u t i o n a l  e le m e n ts  su c h  a s  m olybdenum , s i l i c o n ,  
c o p p e r ,  n i c k e l  ond vanad ium  i n t o  t h e  f e r r i t e  p h a s e  i s  known t o  i n c r e a s e  
th e  s t r e n g t h ,  w i th  t h e  i n t e n s i t y  o f  t h i s  u o l id - n o i u t i o n  s t r e n g th e n in g  
e f f e c t  b e in g  d e p e n d e n t on th e  s o l u t e  a tom  s iz e ; .  O f th o s e  e le m e n ts ,  
vanadium  i s  c l o s e s t  to  i r o n  i n  n tu .m ic  s i z e  and i s  th e  o n ly  one  o f  t h e s e  
e le m e n ts  fo rm in g  a  c o n t in u o u s  s e r i e s  o f  s o l i d  s o l u t i o n s  w ith  f e r r i t e .  
Many s u b s t i t u t i o n a l  e le m e n ts  r e a c t  w ith  i n t e r s t i t i a l  s o l u t e s  t o  form  
p r i c i p i t a t e s ,  s u c h  a s  TIC and U N , w hich  te n d  to  d e c r e a s e  th e  o v e r a l l  
s o l i d - s o l u t i o n  s t r e n g th e n in g  e f f e c t ,  b u t  t h i s  may be o f f s e t  by th e
i n t r o d u c t i o n  oF p r e c i p i t a t i o n  h a rd e n in g .
The m ic r o s c o p ic  d a t a  do n o t  r e v e a l  e x c e s s iv e  p r e c i p i t a t i o n  in  any o f  
t h e  F e -C r-V  a l l o y s .  N unes (1 9 6 6 )  h a s  s tu d i e d  th e  e f f e c t  o f  vanadium  
on th e  t e n s i l e  p r o p e r t i e s  o f  p u re  i r o n  (C + N + 0 = 100 ppm) and  f i n d s  
an i n v e r s i o n  i n  t h e  s t r e n g t h  a t  a  vanad ium  c o n c e n t r a t i o n  o f  1%. I n  t h e  
a l l o y s  h e r e ,  t h i s  d ip  i n  s t r e n g t h  a p p e a rs  t o  b e  pu sh e d  t o  t h e  2.6% 
l e v e l .  T hese  r e s u l t s  c o u ld  b e  e x p la in e d  e i t h e r  by th e  p a r t i a l  rem o v a l 
o f  n i t r o g e n  from  s o l u t i o n  by p r e c i p i t a t i o n  ( t h e  2.6V  a l l o y  i n  f a c t  
show s more p r e c i p i t a t e s  th a n  th e  IV and 4V a l l o y s ;  T a b le  6 .1 )  o r  by 
th e  a s s o c i a t i o n  o f  vanadium  and  n i t r o g e n  a to m s in  s o l i d - s o l u t i o n  w ith  
a  c o n s e q u e n t  d e c r e a s e  i n  t h e  r a t e  o f  m ig r a t io n  o f  n i t r o g e n  to  
d i s l o c a t i o n s .  V anadium  i s  known t o  form  n i t r i d e s  much more e a s i l y  
th a n  chrom ium  i n  s t e e l s .  I t  seem s p r o b a b le  t h a t  th e  e f f e c t  o f  
vanad ium  i s  f i r s t  t o  rem ove n i t r o g e n  and th e n  c a rb o n  from  s o l i d -  
s o l u t i o n .  D i j k s t r a  and  S la d e k  (1 9 9 3 )  Found i n t e r n a l  f r i c t i o n  e v id e n c e  
F o r th e  a s s o c i a t i o n  o f  vanad ium  and  n i t r o g e n  a tom s in  s o l i d - s o l u t i o n ,  
s o  i t  i s  p o s s i b l e  t h a t  van ad iu m  in  s o l u t i o n  c o u ld  a l s o  h av e  some 
e f f e c t  i n  r e t a r d i n g  t h e  s t r e n g t h e n i n g  e f f e c t  a t  th e  2.6%  l e v e l .  I t  
s h o u ld  b e  n o te d  t h a t  s o l i d - u o l u t i o n  i n t e r a c t i o n s  b e tw een  vanad ium  (an d  
m olybdenum  and chrom ium ) and  c a rb o n  h av e  n o t  be en  o b s e rv e d  i n  i r o n  
(W e rt , 1 9 5 2 ) .  An a l t e r n a t i v e  e x p la n a t io n  f o r  th e  d ip  i n  s t r e n g t h  a t  
t h e  2.6%  vanadium  l e v e l  c o u ld  h e  t h a t  ( d e t r im e n ta l )  p r e c i p i t a t i o n  
phenom ena r o a c h  a maximum a t  t h i s  l e v e l  w h e re a s  a t  th e  1 and  4% 
v anad ium  l e v e l s  s o l i d - s o l u t i o n  h a rd e n in g  i s  d o m in a n t.
I n  c o n t r a s t  t o  th e  d e c r e a s e  i n  s t r e n g t h  a t  t h e  2.6% vanad ium  l e v e l  
r e p o r t e d  h e r e ,  th e  d a t a  o f  C lim ax  M olybdenum show t h a t  s t r e n g t h  i n c r e a s e s  
c o n t in u o u s ly  w ith  i n c r e a s i n g  vanad ium  a t  th e  1 , 2 and  3% vanadium  
l e v e l s  (T a b le  3 . 1 ) .  V a r i a t i o n  in  t h e  p r o p o r t i o n  o f  d i f f e r e n t  
p r e c i p i t a t e  ty p e s  su c h  a s  VN, rind Cr^^C^. p r o b a b ly  a l s o  i n f lu e n c e
th e  r e l a t i v e  v a r i a t i o n  i n  s t r e n g t h  w i th  vanadium  c o n c e n t r a t i o n .
The a d d i t i o n  o f  a s t r o n g  u t a b i l i . / c r ,  su c h  a s  t i t a n iu m  o r  n io b iu m , 
a p p e a r s  to  re d u c e  s t r e n g t h  a s  a  r e s u l t  o f  uxnoo u iv u  p r e c i p i t a t i o n .  
O d e s s k i i  c t  n l .  (1 9 7 8 )  exam ined  th e  oIT ncb  o f  vanadium  in  a  s t a b i l i z e d  
17% chrom ium  s t a i n l e s s  s t o o l  (HlMpjim c a r h u n )  and found  t h a t  t i t a n iu m
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was p r e s e n t  a s  s t a b l e  c a r b i d e s ,  w h ile  vanadium  o c c u r re d  m a in ly  i n  th e  
a l p h a - s o l i d  s o l u t i o n .  I t  was a l s o  Found t h a t  vanadium  im p ro v e d  
d u c t i l i t y  by r e d u c in g  th e  am ount o f  b r i t t l e  t r a n s f o r m a t io n  p r o d u c t s ,  
su c h  a s  m a r t e n s i t e .
T ita n iu m  and n io b iu m  a r e  t h e  s t r o n g e s t  c a r b id e  and  n i t r i d e  F o rm ers o f  
t h e  v a r io u s  e le m e n ts  c o n s id e r e d  h e r e .  T h e i r  c a r b id e s  and  n i t r i d e s  
fo rm  a  c o n t in u o u s  s c r i e s  o f  s o l i d -  s o l u t i o n s  b u t ,  b e c a u se  o f  th e  
g r e a t e r  s t a b i l i t y  o f  th e  n i t r i d e ,  t h e r e  i s  p r o b a b ly  a te n d e n c y  f o r  
t i t a n i u m  n i t r i d e  t o  p r e c i p i t a t e  f i r s t  from  th e  s t e e l .  In  t h i s  r e s p e c t  
i t  i s  s i m i l a r  t o  v a n ad iu m . W hile  t i t a n iu m  (an d  n io b iu m ) a r e  g r a in  
r e f i n e r s  and  c o u ld  t h u s  b e  e x p e c te d  to  i n c r e a s e  s t r e n g t h ,  p r e c i p i t a t i o n  
phenom ena i n  m ost c a s e s  o b s c u re  a n d  o v e r r id e  t h i s  e f f e c t  i n  s t a i n l e s s  
s t e e l s .  The g r e a t e r  s t r e n g th e n in g  e f f e c t  o f  n io b iu m  com pared  to  
t i t a n i u m  i s  p r o b a b ly  r e l a t e d  t o  th e  d i f f e r e n t  sh a p e  o f  p r e c i p i t a t e s  
t h e s e  two e le m e n ts  fo rm , r a t h e r  th a n  t o  a  d i f f e r e n c e  i n  g r a in  
r e f i n i n g  p r o p e r t i e s .  As p o in te d  o u t  by S t e iq e r w a ld  e t  e l .  (1 9 7 7 )  t h e  
p r e c i p i t a t e s  i n  n i o b i u m - s t a b i l i z e d ,  f o r r i t i c  s t a i n l e s s  s t e e l s  a r e  
r e l a t i v e l y  s m a l l  and  f i n e l y  d i s p e r s e d ,  w h ile  th o s e  i n  t i t a n i u m  s t e e l s  
a r e  f a i r l y  c o a r s e  and  a n g u la r .  A s i m i l a r  c o n c lu s io n  i s  r e p o r t e d  by 
P o l l a r d  (1 9 7 4 ) who c o n s id e r s  t h a t  p r e c i p i t a t e  m orpho logy  r a t h e r  th a n  
c h e m ic a l  c o m p o s i t i o n  i s  t h e  im p o r ta n t  f a c t o r  i n  d e te r m in in g  d u c t i l i t y .  
S c a n n in g  e l e c t r o n  m ic ro sc o p y  e x a m in a t io n  o f  im p a c t f r a c t u r e  s u r f a c e s  
( S e c t i o n  6 .3 )  i n  f a c t  show t h a t  p r e c i p i t a t e s  a r e  much s m a l l e r  i n  th e  
n io b iu m - s t a b i l i z e d  a l l o y  th a n  i n  th e  c a s e  f o r  t i t a n i u m - s t a b i l i z a t i o n .
T e n s i l e  p r o p e r t i e s  a r e  in f lu e n c e d  by g r a i n  s i z e  a s  w e l l  a s  a l l o y  
c o n t e n t .  D e c re a s in g  g r a i n  s i z e  s h o u ld  l o a d  t o  in c r e a s e d  s t r e n g t h  b u t  
t h i s  e f f e c t  c an  b e  o b s c u re d  by p r e c i p i t a t i o n  phenom ena. The d a t a  
i n  T a b le  6 .1  i n d i c a t e  a g e n e r a l  d e c r e a s e  i n  g r a in  s i z e  w i th  i n c r e a s e  
i n  com bined  a l l o y  c o n te n t  r e l a t e d  m a in ly , ho w ev e r, to  t i t a n i u m -  
s t a b i l i z a t i o n .  P lu m trc o  and  G u llb u r i]  (1 9 7 4 )  have  exam ined  th e  e f f e c t  
o f  i n t e r s t i t i a l  e lem u ritn  on th e  m e c h a n ic a l p r o p e r t i e s  o f  25% chrom ium  
F o r r i t i c  a l l o y s  and f in d  no d e te c ta b l e ;  de p en d e n cy  o f  y i e l d  s t r e n g t h  
on g r a in  s i z e .
6 . 2 . 2 .  im p a c t P r o p e r t i e s .  C harpy  V -n o tc h  im p a c t t r a n s i t i o n  
te m p e r a tu r e  c u rv e s  For th e  e x p e r im e n ta l  a l l o y s  o re  shown i n  F ig u re s  
6 . 3 - 6 . 5 .  T a b le  6 .3  l i s t s  th e  t r a n s i t i o n  te m p e r a tu re  c o r r e s p o n d in g  to  
an  im p a c t  e n e r g y  o f  100 J o u l e s ,  a3  w e l l  a s  th e  room te m p e r a tu re  
(2 0 °C ) im p a c t  v a lu e s  fo u n d  f o r  t r a n s v e r s e  s e c t i o n s  o b ta in e d  by th e  
U n iv e r s i t y  o f  S h e f f i e l d .  S i n g le  c u rv e s  h av e  be en  drow n a s  a b e s t  f i t  
t o  t h e  e x p e r im e n ta l  p o i n t s  i n  F i g u r e s  6 .3  -  6 . 5 , b u t  many m ore p o in t s  
w ould p r o b a b ly  show  a  s p r e a d  a s  i s  fo und  by o th e r  a u th o r s  f o r  lo w - 
i n t e r s t i t i a l  a l l o y s  ( S te ig e r w a ld  e t  a l . ,  1 9 7 7 ) . T h is  s p r e a d  w ould 
a c c o u n t  f n r  th e  h ig h e r  im p a c t  v a lu e s  fo und  by S h e f f i e l d  U n iv e r s i ty  
f o r  a l l o y s  4V a n d  4V-Nb. N e v e r t h e l e s s ,  t h e  c u rv e s  a r e  i n t e r p r e t e d  
a s  m eans w i th  an  e s t im a te d  e r r o r  a f  -  4=C am i d i f f e r e n c e s  e x c e e d in g  
th e  e r r o r  a r e  r e g a rd e d  o s  i n d i c a t i n g  a l l o y i n g  t r e n d s .
I n  no n e  o f  t h e  a l l o y s  w as i t  p o s s i b l e  t o  o b t a in  an  u p p e r  s h e l f  e n e rg y  
v a lu e  b e c a u se  o f  th e  l i m i t e d  c a p a c i t y  o f  t h e  C harpy  t e s t e r .  Upper 
s h e l f  v a lu e s  a r e  n o t  r e p o r t e d  i n  th e  l i t e r a t u r e  f o r  f u l l - s i z e  C harpy
V -n o tch  d e t e r m in a t io n s  o f  l o w - i n t e r s t i t i a l  f e r r i t i c s ,  b u t  a r e  known Lo 
e x c e e d  320 J o u le s  a s  show n f o r  Type 444 a l l o y s  ( S te ig e rw a ld  e t  a l . , 
1 9 7 7 ) .
E x a m in a tio n  o f  t h e  im p a c t  d a t a  show n some v e ry  i n t e r e s t i n g  t r e n d s .
The m o s t im p o r ta n t  f a c t o r s  i n f l u e n c i n g  th e  r e s u l t s  a r e  a l l o y  c o m p o s i t io n  
and s t a b i l i z a t i o n ,  w ith  o th e r  f a c t o r s  su c h  a s  g r a in  s i z e  and  i n t e r ­
s t i t i a l  c o i t e n t  a p p e a r in g  to  b e  l e s s  im p o r ta n t .
Va n ad iu m . An i n c r e a s e  i n  vanadium  d e c r e a s e s  th e  im p a c t  t r a n s i t i o n  
te m p e r a tu re  s i g n i f i c a n t l y ,  to  th e  e x t e n t  t h a t  a t  a  l e v e l  o f  4% th e  a l l o y  
i s  d u c t i l e  w i th in  a  few d e g re e s  o f  room te m p e r a tu r e .  ( In  f a c t ,  a s  
n o f s d ,  t h e  4V and  4V-Nb a l l o y s  t e s t e d  by th e  U n iv e r s i t y  o f  S h e f f i e ld  
w ere  d u c t i l e  a t  room te m p e r a tu re  , 2f)°C; T ab le  6 .-5 ) .  The b e n e f i c i a l  
e f f e c t  o f  van ad iu m  i n  l n w - i i i l .o r o t i t . i a l  18?o chrom ium  f e r r i t i c  s t a i n l e s s  
s t e e l s  h a s  b e e n  n o te d  by A ulund  (1 9 7 7 )  and C lim ax  Molybdenum (T a b le s  
3 .1  and  3 . 3 ) .  I n  c o n t ra : ; ! . ,  h o w ev e r, th e y  found  t h a t  a  low vanadium  
l e v e l  o f  IX wna a lru ; ' c r y  b m e f i c i a l ,  g iv in g  a  t r a n s i t i o n  te m p e r a tu re  
o f  be low  z e r o .
Q -
(ssjnof) /f ijso s 43'oduJi

( s a j n o f )  Zfijsus puc/iti/
T ab le  5 .3 .  Im p a c t T r a n s i t i o n  T e m p e ra tu re  and  E n erg y  V a lu e s  f o r
t h e  E x p e r im e n ta l  A llo y s
A llo y
T r a n s i t i o n  Tem p(°C) 
a t  100 J o u l e s ( a )
Im p a c t  E nergy  
d t  20°C ( J o u le s )
IV
IV -T i
IV - T i- IN i
12.2
i 3 .6
2 .6 V -T i- lN i
7 1 .5
7 1 .5
W - T i- lN i
4 V -T i-1 .5 N i
W -T i-2 N i
4 V - T i - l . cA i - S i
W -T i- J .S M -C u
4 V -T i- to
1 4 .9
10.8
V alu es  fro m  F i g u r e s  F o r  coH ii>arjaon ,llio  t r n n o i t i o n
temjiiii-iiLurf.- f o r  Type 316 i n  ■■ jjfV 'C  tirni Tyyic 4 4 4 , +25 t o  +7S"C (FATT).
^ A s  d e te r m in e d  by th e  U n iv e r s i t y  o f  S h t i f f io ld  on 10 mm t r a n s v e r s e
sp o c iir ien s (V -n o te h  i n  th r o u Q h -th ic k n e rs s  s i d e ) .
SEM-EDAX a n a l y s i s  o f  bhc d u c t i l e  f r a c t u r e  s u r f a c e  show s t h a t  th e  
a l l o y s  c o n ta in  a  f a i r  num ber o f  v e ry  s m a ll  p r e c i p i t a t e s  r a n g in g  in  
s i z e  up t o  Aytim. T h e i r  s h a p e s  v a ry  from  i r r e g u l a r  t o  ro u n d e d  and  
r e c t a n g u l a r .  EDAX a n a l y s i s  o f  f i v e  o f  th e  l a r g e s t  p r e c i p i t a t e s  g av e  
th e  f o l lo w in g  r e s u l t s :  A l-V -C r r i c h  (1% vanad ium  a l l o y ) ;  T i-V -C r and
A l- P - C l r i c h ,  th e  l a t t e r  tw ic e  (2.655 vrmaclium a l l o y ) ;  A l - r i c h  (4% 
vanad ium  a l l o y ) .  T i ta n iu m  i n  t h e  2 .6%  vanad ium  a l l o y  i s  a  c o n ta m in a n t ,  
s i n c e  t h e  a l l o y s  w ere  n o t  t i t a n i u m - s t a b i l i z e d .  SFM m ic ro g ra p h s  
i l l u s t r a t i n g  g e n e r a l  s u r f a c e  f e a t u r e s  and th e  n a t u r e  o f  p r e c i p i t a t e s  
a r e  show n i n  F i g u r e s  6 .6  t o  6 .1 0  ( f i g u r e  6 .8  show s th e  EDAX 
d e te r m in e d  c o m p o s i t io n  o f  t h e  p r e c i p i t a t e  i n  F ig u re  6 . 7 ) .  A 
c h a r a c t e r i s t i c  o f  t h e  F e -C r-V  a l lo y s  i s  th e  a b s e n c e  o f  s i z e a b l e  
p r e c i p i t a t e s  (co m p ared  t o  t h e i r  t i t a n i u m - s t a b i l i z e d  c o u n t e r p a r t s ,
F i g u r e s  6 .1 2  t o  6 .1 4 )  a l th o u g h  c l o s e r  e x a m in a t io n  show s many v e ry  
s m a l l  p r e c i p i t a t e s ,  0 .5 y e m  o r  l e s s  a c r o s s .  The 4V a l l o y  show s a 
c h a r a c t e r i s t i c  c e l l u l a r  s t r u c t u r e  v e r y  s i m i l a r  t o  t h e  4V~Nb a l l o y  
( F ig u r e  6 .1 1 )  w h ic h  a l s o  h a s  a  v e ry  low  im p a c t t r n n s i t i o n  t e m p e r a tu r e .
The o p t i c a l  and  e le c t r o ? )  m ic ro sc o p y  d a t a  a r e  i n s u f f i c i e n t  to  draw  
c o n c lu s i o n s  r e g a r d i n g  j u s t  how vanad ium  a c t s  to  lo w e r  th e  t r a n s i t i o n  
t e m p e r a tu r e .  C o n j e c tu r e ly ,  c o n s id e r in g  th e  d a t a  o f  Shaw and Q u a r r e l !  
( 1 9 5 7 ) ,  C r23C6 may b e  th e  d o m in a n t p r e c i p i t a t i n g  p h a s e  i n  th e  low 
(1%) vanad ium  a l l o y  w h e re a s  V .C , i s  p re d o m in a n t a t  h ig h  vanadium  
l e v e l s  end  i s  p r o v in g  bcu ' f i c i a l .  A low vanadiu ..- c o n c e n t r a t i o n  o f  
1% i s  p r o b a b ly  s u f f i c i e n t  t o  o  f -m e  a l l  t h e  n i t r o g e n  i n  vanadium  
n i t r i d e ,  b u t  i s  i n s u f f i c i e n t  t o  com bine  w i th  o i l  t h e  c a r b o n .  As n o te d  
p r e v i o u s l y ,  van ad iu m  o c c u r s  b o th  i n  s o l i d - s o l i . t i o n  and  a s  a  p r e c i p i t a t e  
in  s t a i n l e s s  s t e e l s .  Any uncom bined  c a rb o n  w ould th e n  b e  f r e e  t o  com­
b in e  w i th  chrom ium  to  form  g r a in  b o u n d a ry  C r ^ C ^  w h ich  c an  p ro v e  d e t r i ­
m e n ta l  t o  t h e  im p a c t  p r o p e r t i e s .  A t h ig h e r  vanad ium  l e v e l s  p r o g r e s s iv e ly  
m ore o f  t h e  c a r b o n  i s  com b ined  a:; vanad ium  c a r b id e  ( p ro b a b ly  V ^C j) o r  a 
C r-V -F e  s ig m a  p h a s e , w h ic h  o c c u r s  w i th in  th e  a lp h a  m a tr ix  a n d  i s  b e n e ­
f i c i a l  to  to u g h n e s s  (com pared  to  In  c o n ju n c t i o n  w i th  t h i s
e f f e c t  i s  th o  n o t io n  o f  vanad ium  in  r e d u c in g  th e  c o a r s e n e s s  o f  any 
C"r 23C6 p r e c i p i t a t e ! )  t h a t  may be p r e s e n t  w h ich  w ou ld  im prove  th e  im p a c t 
p r o p e r t i e s  f u r t h e r .  In  h i s  s tu d y  on th e  e f f e c t  o f  vanadium  i n  an 
a u a t c n i t i v  s t a i n l e s s  s t e e l ,  S i lr .o c k  (1 9 7 J )  p u r p o s e ly  k e p t  th e  V/C r a t i o
F ig u re  6 .6 .  SEM m ic ro g ra p h  o f  d u c t i l e  f r a c t u r e  s u r f a c e  o f  IV a l l o y
show ing  a b se n c e  o f  p r e c i p i t a t e s  (many v e ry  s m a ll
p r e c i p i t a t e s  a r e  v i s i b l e ) .
F ig u re  6 .7 .  SCM m ic ro g ra p h  allow ing  d e t a i l  o f  a p r e c i p i t a t e  from  
d u c t i l e  f r a c t u r e  am  I a c e  o f  I hi- IV a l lo y ,
F ig u re  6 .8 .  SEM-EDAX a n a l y s i s  o f  p r e c i p i t a t e  shown in  F ig u re  6 .7 .  
(C r-V -A l r i c h ) .
F ig u re  6 .9 .  50-1 m ic ro g ra p h  o f  clm-t i ll "  f r n c tu r o  n u r fo c u  o f  2.6V  a l l o y
sho ia tK j v e ry  um o ll r.r.'ii,l it o U p r o c ip i tn tM y .
F i g u r e  6 .1 0 .  SEN m ic ro g ra p h  o f  d u c t i l e  f r a c t u v e  s u r f a c e  o f  W  a l lo y
show ing  e e l l u l o r  s b r u c t i j r e  and  v e ry  s m a l l  p r e c i p i t a t e s .
H g u r e  6 .1 1 . Sf.M m L uroijraph o f  ti;ic t.il(!  f\TieLur<; n u r fa c o  o f  4V-Nb a l lo y  
ohow iijrj r . u l l u l a r  s t r u c tu i r o .
h ig h  ( g r e a t e r  th a n  t h a t  i n  V^C^) t o  r e s t r i c t  g a in  b o u n d a ry
f o r m a t io n .  The p r e c i p i t a t e s  i n  th e  p r e s e n t  a l l o y s  a r e  n o t  
p u r e  p h a s e s  and c o n ta in  a  m ix tu re  o f  th e  e le m e n ta  i r o n ,  chrom ium  and  
va n ad iu m , th u s  (C r , F e , c g > *'° va i,y i n 9 d e g r e e s .  Shaw and 
Q u a r r e l l  (2 9 5 7 )  h a v e  n o te d  t h a t  chrom ium  and  i r o n  a r e  v i r t u a l l y  i n t e r ­
c h a n g e a b le  i n  t h e  c a r b id e s  fo rm ed  in  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  
T r a n s m is s io n  e l e c t r o n  m ic ro sc o p y  w ould  seem  n e c e s s a r y  t o  d e te r m in e  
th e  e x t e n t  o f  g r a i n  bo u n d a ry  and  m a t r ix  p r e c i p i t a t i o n  and h e n c e  i t s  
r e l a t i o n  t o  im p a c t p r o p e r t i e s .
S t a b i l i z a t i o n .  The e f f e c t  o f  s t a b i l i z a t i o n  w ith  t i t a n iu m  i s  t o  
e x a c t l y  r e v e r s e  t h e  t r e n d  fo u n d  f o r  vhs F e -C r-V  a l l o y s ,  w ith  t h e  iV -T i 
a l l o y  sh o w in g  a  much -low er t r a n s i t i o n  te m p e r a tu re  (47°C ) th a n  th e  4V-T1 
a l l o y  (9 2 UC) (T ab lu  6 . 3 ) .  S u i n i f i f a n t l y ,  n io b lu m h a s  o n ly  a  s l i g h t l y  
d e t r i m e n t a l  e f f e c t  i n  r a in i r v i  ‘ " a n s i t i o n  te m p e r a tu re  f  t h e  AV 
a l l o y  by  some 5 3r .  S t a b i l i  r ifea n iu m , e s p e c i a l l y  when th e
e le m e n t  i s  p r e s e n t  i n  c x c u -  , t o  in c r e a s e  t h e  t r a n s i t i o n
te m p e r a tu r e  o f  s t a i n l e s s ,  o t e o lb  <, f a b l e  2. 3 ) , b u t  n io b iu m  i n  c o n ­
t r a s t  a c t u a l l y  lo w e rs  th e  t r a n s i t i o n  te m p e r a tu re  when p r e s e n t  i n  th e  
c o r r e c t  p r o p o r t i o n  (F ig u r i?  2 . 6 ) .
S c a n n in g  e l e c t r o n  m ic ro sc o p y  c o n f ir m s  th e  o p t i c a l  m ic ro sc o p y  r e s u l t  
t h o t  t i t a n i u m - s t a b i l i z n t i o n  l e a d s  t o  an in c r e a s e  i n  bhe num ber o f  
p r e c i p i t a t e s  found  in  t h e  a l l o y u .  The p r e c i p i t a t e s  show ed th e  same 
s h a p e s  a s  fo u n d  in  th e  u n s . a b i l i z o d  n U o y s ,  b u t  w ere  much l a r g e r  on 
a v e r a g e  (a b o u t  2^u.«) w i th  a  y l i y h U y  lo r o o r  maximum s i z e ,  up to  6 /w n . 
EDAX a n a l y s i s  show nd a p r i ; c i p i t a t e  i n  a IV a l l o y  to  b e  T i-V  r i c h ,  and  
a n o th e r  i n  a  4V a l l o y  to  b e  A l- l i - V  r i c h .  In  c o n t r a s t  t o  th e  
t i t a n i u m - s t a b i l i z e d  a l l o y s ,  th e  a l l o y  c o n k a jn in i j  iiiQ bium  show ed much 
i sm a lle r  p r o c i p i t a t e n ,  lo o o  khan l^um  in  s i z e ,  w hich  w ere  n o t  am en a b le  
t o  i d e n t i f i c a t i o n  by X -ra y  o n a ly s n t i .  ." ig u rfis  6 .1 1  f u  6 .1 6  show SEM 
F e a tu r e s  o f  th e  d u c t i l e ,  f r a c t u r o  o u rfo c i.-s  and in c lu d e s  t h e  EOAX 
d iite rm in c d  Q om pofui-ion o f  two f i r n c ip ik n t u '; .  From a c o m p a riso n  o f  th e  
SEM m ic ro r jr a ; '1 a  f o r  the: t i t n i i i n m - . i i ; i h iU w d  and  u n i i t n b i l i z e d  a l l o y s ,  
t h e  f o l lo w in y  r ib :;i:rv o tii)n  e « n  bn m nilr: in  a l l  th e  u lL oyii t i t a n iu m -
y t a b i l i / n t i o n  in c c i.n n a n  kht: am ount o f  p r u c n p i t a U u n  b u t  iv h c rn a s t h i s  
p r o d u c e s  a d ro p  in  th u  im piio t I r r i f ia t l  in n  U-mpm'ntur-.! o f  Ih e  IV a l l o y .
F ig u re  6 .1 2  SEM m ic ro g ra p h  o f  d u c t i l e  f r a c t u r e  s u r f a c e  o f  IV -T i a . 'l n j
show ing  many s c a t t e r e d  p r s c i f j i t o t e s .  (Compare t o  F i g u r e  6 .6 ) .
F ig u re  6 .1 3 .  SEM m lc ru fjra p h  til" iluvt.i.h> f rn t-K ir!’ a u r f a u e  o f  2. 6V-T1
a l lo y  ahowjrifj many a c o t lu r o d  p r c c i p i t n t o o .  (Com pare t o  
F ic ju ra  6 . 9 ) .
F ig u re  6 .1 4 .  SEM m ic ro g ra p h  o f  d u c t i l e  f r a c t u r e  s u r f a c e  o f  4 V -T i- lN i
a l lo y  show ing  many s c a t t e r e d  p r e c i p i t a t e s . ( C o n t r a s t
w ith  F ig u re  6 .1 0 ) .
F ig u re  6 .1 5 .  5FM-FDAX a n a l y s i s  o f  I e a r - d r o p  p r u c i p i t a t e  n e a r  c e n t r e  u f  
F ig u re  6 . J 4 .  D o ts  r e p r e s e n t  ilu -  b a s e  a l l o y ,  and th e  
g r e y  ar ea  th e  p r e c i p i t a t e  (T i-V  r i c h ) .
T i V Or Pe
F ig u re  6 .1 6 .  SEM-EOAX a n a ly s i s  o f  p rv c .ip i ta tc s  
a l l o y .  Dobs r e p r e s e n t  t h e  i 
a r e a  th e  p r e c i p i t a t e  (C i-V  r i c h )
i n  4 V -T i-1 .5 N i-C u  
i l l o y ,  th e  g ro y
i t  r e s u l t s  i n  a c o n s id e r a b l e  in c r e a s e  i n  th e  t r a n s i t i o n  te m p e r a tu re  
o f  t h e  4V a l l o y .  I n  th e  2.6V  a l lo y ,  s t a b i l i z a t i o n  h a s  l i t t l e  e f f e c t  on 
th e  t r a n s i t i o n  te m p e r a tu r e .  C l e a r l y , t h e  am ount o f  p r e c i p i t a t i o n  i s  n o t  
a  c o n t r o l l i n g  f a c t o r  i n  d e te r m in in g  th e  im p a c t p r o p e r t i e s  o f  th e  a l l o y s .
R e g a rd in g  th e  c o m p o s i t io n  o f  t h e  p r e c i p i t a t e s ,  CDAX d a ta  i n d i c a t e  t h a t  
th o s e  i n  : h e  F e -C r-V  a l l o y s  a r e  chrom ium - a n d  v a n a d iu m - r ic h , w h ile  
t h o s e  i n  t h e  t i t a n i u m - s t a b i l i z e d  a l l o y s  a r e  t i t a n iu m -  and v a n a d iu m - r ic h . 
T hose  i n  t h e  fo rm er  a l l o y s  a r e  p r o b a b ly  c a r b id e s  and  n i t r i d e s ,  and i n  
th e  l a t t e r  a l l o y s  n i t r i d e s  and  c a r b o n i t r i d e s .
The d i f f e r e n t  im p a c t r e s u l t s  found  f o r  th e  t i t a n iu m -  and n io b iu m - 
c o n ta in i n g  a l l o y s  a p p e a r  t o  b e  r e l a t e d  t o  p r e c i p i t a t e  m o rp h o lo g y : th o s e
in  t h e  c a s e  o f  n io b iu m  a r e  v e ry  s m a ll and h av e  l i t t l e  e f f e c t ,  w h erea s  
th o s e  i n  t h e  t i t a n iu m  a l l o y s  a r e  l a r g e r  and  th u s  d e t r i m e n t a l .  T h is  
d i f f e r e n c e  h a s  b e en  n o te d  by S te ig e r w o ld  e t  s i .  (1 9 7 7 ) who a l s o  Found 
t h a t  th e  t i t a n iu m - c o n ta in in g  p r e c i p i t a t e s  w ere  more a n g u la r .  Abo e t  
a l .  (1 9 7 7 ) s tu d i e d  th e  d i f f e r e n t  e f f e c t s  o f  n io b iu m  and  t i t a n iu m  in  
l o w - i n t e r s t i t i a l  f e r r i t i c  s t a i n l e s s  s t e e l s ,  and found  t h a t  n io b iu m  
im p ro v e d  to u g h n e s s  p r o p e r t i e s  when i n  th e  c o r r e c t  p r o p o r t i o n  in
r e l a t i o n  t o  c a rb o n  and n i t r o g e n  (Nb = S-iO (C *iN )). E x ce ss  ( o r  to o
l i t t l e )  n io b iu m  p ro v e d  d e t r i m e n t a l  t o  to u g h n e s s .  A cc o rd in g  t o  th e
a u t h o r s ,  th e  e f f e c t  o f  n io b iu m  wns to  d e c r e a s e  th e  am ount o f  g r a in
b o u n d a ry  p r e c i p i t a t e .  In  th e  .jume s tu d y  tita n i.u rn  was found  t o  in c r e a s e  
th e  t r a n s i t i o n  te m p e r a tu re  m a rk e d ly  a n d , i n  c o n t r a s t  t o  n io b iu m , c o n ­
t i n u o u s l y .  T ita n iu m  woe c o n s id e r e d  to  i n h i b i t  g r a in  bo u n d a ry  p r e c i p i ­
t a t i o n  o f  c a r b o n i t r i d e s  b u t  n e v e r t h e l e s s  h a d  a  d e t r i m e n t a l  e f f e c t  in  
t h a t  p r e c i p i t a t e s  in  t h o  m a t r ix  w ere  a c t i n g  ao c ra c k  i n i a t i o n  s i t e s  in  
th e  same way t h a t  g r o in  bound ry  p r e c i p i t a t e s  w o u ld . The t i t a n iu m -  
s t a o i l i z e d  a l l o y s  c o n ta in e d  morn p r e c i p i t a t e s  th a n  in  th e  c o s e  For 
n io b iu m , and  th e y  w ere  c o n s id e r a b ly  l a r g e r  nrul more a n g u la r .  T h e ir  
c o m p o s i t io n  w as shown to  bn m a in ly  t i t a n iu m  n i t r i d e .  A c o m p a riso n  o f  
th e  r e s u l t s  O b ta in e d  h e ro  w ith  th o s e  found by Abu e t  a l .  (1 9 7 7 ) ond 
S te ig e r w o ld  e t  a l .  (1 9 7 7 )  show  many s i m i l a r i t i e s ,  and th e  same 
c o n c lu s i o n s  a p p e a r  a p p l i c a b l e .  Iha  n i.n u n t o f  t i t a n iu m  and  n io b iu m  in  
th e  e x p e r im e n ta l  a l l e y s  a n :  w i i l i in  th e  l i m i t s  s p e c i f i e d  f o r  l o w - i n t e r ­
s t i t i a l  a l l o y s ,  th o  o t u h i l i / e r / U " A )  r a t  i n s  b e in g  6 -9  and  6 
r e s p e c t i v e l y  ( f o b i c  6 . 1 )  (Onmci, 1 9 7 7 ). Some a u th o r s  r e p o r t  t h a t  an
1 0 9 .
- - 'on  cT t i t a n iu m  n e ed e d  f o r  e f f a c t i v o  s t u b i l i z a t i o n  ( t o  p r e v e n t  
. i' ::ccjvanul3C  c o r i 'c s .to n )  i n  F o r r i t i c  a l l o y s , b u t  Abo e t  a.5, (1 9 7 7 ) F ind  
1 : ' L th u  req u ire n ien f: i s  e q u a l  to  o r  ev en  l e s s  th a n  s to i c h io m e t r i c  
[■ ro fjo c tio n s  f o r  19% ch rom ium -2% m olybdenum a l l o y s  c o n ta in i n g  l e s s  th a n  
1^1 ppm com bined  c a rb o n  plucs n i t r o g e n .  C l e a r l y , e x c e l s  t i t a n iu m  h e re  i s  
not. I:he r e a s o n  f o r  t h e  t i t a n i u m - s t a b i l i z e d  a l l e y  h a v in g  p o o r e r  im p a c t 
p r o p e r t i e s  th a n  th e  a l l a y  s t a b i J  iz e d  w i th  n io b iu m .
i In• t r e n d  in  th e  im p a c t d a t a  For th e  l . i t a n iu m - s t a b i l i z o d  a l l o y s  i s  th e  
r e v e r s e  o f  t h a t  f o r  t h e  u n s t a i i i l i z e d  a l l o y s .  The re a s o n  why t i t a n iu m  
is  b e n e f i c i a l  b e lo w , b u t  d e t r i m e n t y l  a b o v e , a  vanadium  c o n c e n t i a t i o n  
o f  2.6%  i s  n o t  c l e a r .  A s y n e r g i a t i c  e F f e c t  a p p e a rs  t o  be p r e s e n t  a t  
t.hi* low in  vanad ium  l e v e l . T ita n iu m  i s  a s t r o n g  c a r b id e  Form er and 
w ould  b e  e x p e c te d  t o  com bino  a l l  th e  c a rb o n  and  n i t r o g e n  i n  th e  
I i t a r  j.um c a r b o n i t r  id e s  and n i t r i d e u .  IF  t h i a  wau th e  c a s e ,  th e n  
\n ,ind ium  w ould  n o t  b e  e x p e c te d  bu Form s i g n i f i c a n t  p r e c i p i t a t i o n  a t  
any c o n c e n t r a t i o n  a n d  i s  l a r g e l y  c o n f in e d  i n  s o J i d - s o l u t i o n ,  a p a r t  
f ro n ' n Eimall amount p to n e n t  " ' t h  t i t a n iu m  in  th e  n i t r i d e s  o r  
, - r i r b o n i t r id e s .  I t  i s  p o a o ib le  t h a t  s u p e r s a t u r a t i o n  o f  t h e  a lp h a  
r iu ilr ix  w ith  vanadium  h a s  c a u se d  t i t a n i u m  to  b e  e x c lu d e d  and to  form  an 
in c r e a s in g  am ount o f  g r a in  bou d ary  p r e c i p i t a t i o n  a s  th e  vanadium  
l e v e l  i n c r e a s e s .  In  a.L o s t  a l l  c a o e s  oF red u c o d  to u g h n e s s  i n  f e r r i t i c  
f.nc: o th e r  s t a i n l e n o  a t e e l 's ,  g r a in  b o u n d a ry  o r  m a t r ix  p r e c i p i t a t i o n  i s  
found  to  b e  th e  e a o a o  am i i t  m is t  b h v rcF a tp  b e  c o n c lu d e d  i n  th e  
. r-unrn t s tu d y  t h a t  somo p r c e i p i t n t  in t] phnrft: io  r e s p o n s i b l e  For th e  
' • - l e r i o r a t i n g  tou(jhne;;u  w h ic h  o c c u r s  w i th  an i n c r e a s e  i n  vanadium  
o n c c n t r a t i o n . T h em  is; no  e v id e u c o  oF i n t e r y r a n u l a r  c le a v a g e  in  
%i'_ b r i t t l e  C lm rpy Mpucimonsi aikl i.ran n m iu iiio n  e l e c t r o n  m ic ro sco p y  
nc c r in n a ry  t o  r e s o l v e  the- p rn b lc w .
f \ l )a y in ( t  E lc iroriL';, R i'ija n iin ij  I:in-; t ' f f i - c l  o f  nd tiiny  1-2%  o f  o th e r  
i i.'/'iici c lu ro o n ts  on th e  im p a c t iH 't ii .u r tii 'i i , n i c k e l  war, Found to  be 
i ^ v ic  b u t  on b n la n c ti h iw ureil th u  t .i i i tv u l . in n  1 (M iin r- .iu ire , c o p p er  
th e  t r a n s i t i o n  IcN iipurnturn hy , and  v .ili .co n  and molybdenum 
. : A.f! IIit; L r a n i i i t in n  l.cmpi-ViilLin- hy 6 and 2 I!‘C r e o p v c t iv n ly .
■ m n ; ,c| u le c t r o i i  hi.iuvoiirMipii.: i'.;;iifiinal..n)[i n l Liu* d u c t i l e  F ra ct.u rti
*
s u r f a c e  o f  t h e  a l l o y s  c o n ta in i n g  t h e s e  e le m e n ts  showed them  to  h av e  e s  
many p r e c i p i t a t e s  a s  t h e  r e ~ C r-V -T i a l l o y s ,  w i th  a s i m i l a r  m orphology 
and  s i z e  r a n g e .  Of th e  14 p r e c i p i t a t e s  a n a ly s e d  by EDAX, 11 c o n ta in e d  
th e  tit a n iu m -v a n a d iu m  c o m b in a t io n  and  6 c o n ta in e d  a lu m in iu m . The 
b r i t t l e  f r a c t u r e  s u r f a c e s  show ed a do m in a n t t r o n s g r a n u la r  mode o f  
f a i l u r e .  ( I t  s h o u ld  b e  m e n tio n e d  t h a t  th e  p r e c i p i t a t e s  on th e  f r a c t u r e  
s u r f a c e s  o f  a l l  th e  e x p e r im e n ta l  a l  o y s  do r ' t  a p p e a r  t o  b e  r e p r e s e n ta ­
t i v e  o f  t h e  t o t a l  p r e c i p i t a t e  p o p u la t io n  s in e s  12 o u t  o f  a t o t a l  o p 26 
p r e c i p i t a t e s  a n a ly s e d  from  s u r f a c e s  p i t t e d  i n  NaCl c o n ta in e d  th e  
c h tom ium -vanad ium  c o m b in a t io n .)
The g e n e r a l  im provem en t i n  to u g h n e s s  t h a t  n i c k e l  c o n f e r s  on f e r r i t i c  
s t a i n l e s s  s t e e l s  h a s  be en  r e p o r t e d  i n  v a r io u s  .p u b l i c a t i o n s .  Bond e t  
a l .  (1 9 7 7 )  exam ined  th e  e f f e c t  o f  n i c k e l ,  m olybutnum  and  c o p p e r  on  Lii- 
to u g h n e s s  o f  25?« chrom ium  a l l o y s  a n d  found  n i c k t l  t o  b e  m ost e f f e c t i v e  
a bove  a  c o n c e n t r a t i o n  o f  2%, w h ile  v a r i a t i o n s  i n  molybdenum from  2 to  
4% and  c o p p e r  from  0 .5  t o  1% had  a  s m a ll  e f f e c t  o n ly .  The e f f e c t  o f  
s i l i c o n  in  r e d u c in g  th e  to u g h n e s s  i n  t h e  p r e s e n t  s tu d y  i s  e x p e c te d  in  
v iew  o f  th e  te n d e n c y  o f  t h e  e le m e n t t o  c a u s e  e m b r i t t le m e n t  i n  i r o n -  
chrom ium  a l •o \ s . I n  lo w - a l l o y  s t e e l s ,  h o w ev e r, s i l i c o n  i s  known to  
im p ro v e  th e  ^ o u g h /m ss (T ekelm an and  M cE v ily , 1 9 6 7 ).
I t  a p p e a rs  t h a t  t i t a n iu m  s t a b i l i z a t i o n  h a s  t h e  dom inan t i n f lu e n c e  on 
th e  im p a c t  p r o p e r t i e s  o f  t h e  e x p e r im e n ta l  a l l o y s ,  and o th e r  e le m e n ts  
s u c h  a s  n i c k e l ,  s i l i c o n ,  c o p p e r  and m olybdenum a r e  a c t i n g  in  
p r o p o r t i o n  t o  t h e i r  c o n c e n t r a t i o n .
G ra in  S i z e .  The g r a in  s i z e  c an  h av e  an im p o r ta n t  in f lu e n c e  on th e  
m e c h a n ic a l  p r o p e r t i e s  o f  f e r r i t i c  s t a i n l e s s  s t e e l s  b u t ,  a s  m e n tio n e d  
i n  t h e  s e c t i o n  on t e n s i l e  p r o p e r t i e s ,  p r e c i p i t a t i o n  phenom ena c an  have 
an o v e r r id in g  e f f e c t .  T h is  i s  a l s o  th e  c a s e  f o r  th e  im p a c t 
p r o p e r t i e s .  I n c r e a s in g  g r a in  s i z e  s h o u ld  le a d  tn  d e c r e a s in g  to u g h n e s s  
f o r  a g iv e n  c tm |.c ,s i t iu n .  In  t h i s  u tud - , m ost o f  th e  a l l o y s  w ith  th e  
s m a l l e s t  g r a in  o iz c  h av e  th e  h ig h e s t  t r a n s i t i o n  te m p e r a tu re s  and  
t h e r e  i s  no d is -c e rn n b lc  e f f e c t  o f  g r a i n  a i z e  on to u g h n e s s  even 
c o n s id e r in g  th e  v a ry in g  c o m p o s i t io n  o f  th e  a l l o y s .  C l e a r ly ,  a l l o y in g  
e le m e n ts  and  p a r t i c u l a r l y  s t a b i l i z i n g  e le m e n ts  a r e  p la y in g  a  more 
im p o r ta n t  r o l e .
I n t e r s t i t i a l  E le m e n ts .  I n  p r e p a r i n g  th e  a l l o y s  an a t te m p t  was 
made t o  ke ep  th e  i n t e r s t i t i a l  e le m e n t  l e v e l  a s  c o n s ta n t  a s  p o s s ib l e ;  
n e v e r t h e l e s s ,  th e  t o t a l  com bined  c a r b o n ,  n i t r o g e n  and oxygen  c o n te n t  
r a n g e d  from  158 t o  282 ppm w ith  c a rb o n  v a ry in g  from  30 t o  100 ppm. 
T h ese  r a n g e s  a r e  n o t  l a r g e  b u t  p r o b a b ly  c o n t r i b u t e  i n  some m easu re  to  
t h e  v a r i a t i o n s  fo u n d  i n  t h e  m e c h a n ic a l  p r o p e r t i e s .  The g r e a t e s t  ra n g e  
w as shown by o x y g e n , from  16 ppm in  th e  4V a l l o y  to  181 ppm i n  t h e  IV 
a l l o y .  Abo a t  a l .  (1 9 7 7 )  h av e  shown t h a t  on in c r e a s e  i n  oxygen  from  
100 t o  200 ppm in  25Cr-3Mo a l l o y s  (C+N = 1 0 0 -400  ppm) in c r e a s e d  th e  
im p a c t  t r a n s i t i o n  te m p e r a tu re  by 40°C . High oxygen  l e v e l s  c o u ld  
t h e r e f o r e  b e  c o n s id e r e d  e s  c o n t r i b u t i n g  i o  t h e  p o o r im p a c t p r o p e r t i e s  
f o u n d  f o r  some o f  t h e  a l l o y s ,  e . g .  IV , 2 .6 V , 2 .6 V -T i and  2 .6 V -T i-N i.
C arbon  and  n i t r o g e n  a r e  w e l l  known to  h a ." ' a  c t t r im u n t r . l  e f f e c t  on t h e  
to u g h n e s s  o f  f e r r i t i c  s t a i n l e s s  s t e e l s .  T hese  e le m e n ts  ' !r y  by a 
f a c t o r  o f  3  and  2 r e s p e c t i v e l y  i n  t h e  e x p e r im e n ta l  a l l o y s ,  w i th  th e  
com bined  c a rb o n  and n i t r o g e n  c o n te n t  r a n g in g  from  64 to  168 ppm. The 
v a r i a t i o n  i n  c a rb o n  c o n te n t  p r o b a b ly  h a s  m ore s i g n i f i c a n c e  a s  f a r  a s  
t h e  a l l o y s  a r e  c o n c e rn e d  s in c e  i t  i s  found  t h a t  r e s i s t a n c e  t o  i n t e r -  
g r a n u la r  c o r r o s io n  a t  c a rb o n  p lu s  n i t r o g e n  l e v e l s  be low  250 ppm i s  
e s s e n t i a l l y  in d e p e n d e n t  o f  n i t r o g e n .  D av is  e t  a l .  (1 9 8 0 )  r e p o r t  t h a t  
n i t r o g e n  i n  th e  ra n g e  35 -1 7 6  ppm d id  n o t  a f f e c t  s u s c e p t i b i l i t y  to  
i n t e r g r a n u l a r  c o r r o s io n  i n  n io b iu m - s t a b i l i z e d  26Cr-lM o a l l o y s .  The 
h i g h e s t  c a rb o n  c o n te n t s  o f  100 ppm w ere  found  in  th e  2.6V  and 
4 V -T i -1 .5 N i- S i  a l l o y s ,  b u t  a p a r t  from  h a v in g  r a t h e r  p o o r  im p a c t 
p r o p e r t i e s ,  n e i t h e r  a l l o y  show ed an o m alo u s r e s u l t s  com pared  t o  some o f  
t h e  o th e r  a l l o y s .
6 .3 .  Co r r o s i o n  P r o p e r t i e s
6 . 3 . 1 .  t - j i v i t y  i n  H.,S0,| . The p a s s iv e  c h a r a c t e r i s t i c s  o f  th e  
e x p e r im e n ta l  a l l o y s  w ere  exam iner! by a n o d ic  p o l a r i z a t i o n  i n  d e a e r a t e d  
IN H2304 . P o t e n t i a l  and c u r r e n t  d e n s i ty  v a lu e s  f o r  v a r io u s  p o in t s  on 
th e  p o l a r i z a t i o n  c u rv e  o re  g iv e n  in  T a b le s  6 .4  and 6 .5  r e s p e c t i v e l y ,  
b e in g  c h o se n  to  i l l u s t r a t e  t r e n d s  su c h  o s  th e  a c t i v e ,  p a s s iv e  and 
t r a n s p a s s i v e  r a n g e s  o f  th e  a l l o y s .  E n try  and e x i t  from  th e  p a s s iv e  
r e g io n  i s  a r b i t r a r i l y  ta k e n  a t  n c u r r e n t  d e n s i ty  o f  lOtl/AA /cm2 to
f a c i l i t a t e  some m e asu re  o f  c o m p ariso n  w ith  th e  r e s u l t s  o f  o th e r  
r e s e a r c h  w o rk e rs .  Ifc s h o u ld  b e  n o te d  t h a t  t h e  a n o d ic  p o l a r i z a t i o n  
r e s u l t s  r e l a t e  o n ly  t o  t h  • a l l o y s  t e s t e d  and  c o m p ar iso n  w ith  p u b l i s h e d  
d a t e  m ust c o n s id e r  t h e  e x a c t  e x p e r im e n ta l  p r o c e d u re s  a d o p te d . A more 
a b s o lu t e  c o m p a r iso n  c an  b e  made w i th  th e  p u b l i s h e d  l i t e r a t u r e  by 
c o m p arin g  th e  r e s p e c t i v e  d a ta  f o r  two s ta n d a r d  s t a i n l e s s  s t e e l s ,
T ypes 430 and  3 1 6 , th e  r e s u l t s  f o r  w hich  a r e  r e p o r t e d  i n  T a b le s  6 .4  
and  6 .5 .  P o l a r i z a t i o n  c u rv e s  i l l u s t r a t i n g  th e  v a r io u s  a l l o y in g  
t r e n d s  a r e  shown i n  F ig u re s  6 .1 7  to  6 . 2 1 , and  F ig u re  6 .2 2  sum m arizes 
t h e  e f f e c t s  u f  th e  v a r io u s  e le m e n ts .
V anadium . An i n c r e a s e  i n  vanadium  From 1 t o  4% i n  t h e  18% chromium 
b a s e  g l lo y  g e n e r a l l y  h a d  a b e n e F ic i a l  e f f e c t  or. p a s s i v a t i o n  in  
IN HgSO^. The p r im a ry  p a s s i v a t i o n  c h a r a c t e r i s t i c s  w ere  im proved  
( e . g .  c r i t i c a l  c u r r e n t  d e n s i ty  lo w e re d )  and th e  p o t e n t i a l  r a n g e  a t  a  
c u r r e n t  d e n s i ty  oF lOOyy-A/cm2 in c r e a s e d  ( F ig u r e  6 .1 7 )  H ow ever, 
van ad iu m  was d e t r i m e n t a l  i n  t h a t  i t  s i g n i f i c a n t l y  lo w e re d  th e  b re a k ­
down p o t e n t i a l  due to  i n c i p i e n t  b reak aw ay  o f  th e  t r a n s p a s s i v e  r e g io n  
( n o t  t o  be  con F u se d  w i th  th e  n o rm al t r a n s p a s s i v e  t r a n s i t i o n  t h a t  
o c c u r s  a t  h ig h  c u r r e n t  d e n s i t i e s ,  4000/ti-A/cm2 in  th e  r e s u l t s  oF 
B ie F e r  (1 9 7 0 )  f o r  Type 430 s t a i n l e s s  s t e e l ) .  B i e f e r  (1 9 7 0 )  found  t h a t  
t h e  a d d i t i o n  o f  up to  2.18%  vanad ium  had  a v a r i a b l e  e f f e c t  on th e  
p a s s i v a t i o n  o f  Type 430 s t a i n l e s s  s t e e l  : vanad ium  r a i s e d  th e  c r i t i c a l  
p a s s i v a t i o n  p o t e n t i a l ,  "out low ere .d th e  c r i t i c a l  c u r r e n t  d e n s i ty  and 
th e  minimum c u r r e n t  i n  th e  p a s s iv e  r e g io n .
The r e a s o n  f o r  vanadium  lo w e rin g  th e  breakdow n p o t e n t i a l  c o u ld  be 
r e l a t e d  t o  p r e c i p i t a t i o n  phenom ena, a l th o u g h  t h i s  i s  n o t  e v id e n t  i n  
th e  e x a m in a t io n  by o p t i c a l  and  s c a n n in g  e l e c t r o n  m ic ro sc o p y . In  
d i s c u s s in g  th e  m e c h a n ic a l p r o p e r t i e s , i t  was s u g g e s te d  t h a t  vanadium  
a t  t h e  2. 6%V l e v e l  w ould  o r o b o b ly  bovo com bined  a l l  th e  n i t r o g e n  and 
c a r b jn  i n  p r e c i o i t a t o  fo rm ,th u :;  l e a v in g  more f r e e  vonatijum  in  s o l i d -  
s o l u t i o n  a t  th e  4% l e v n l . T h is  s h o u ld  h av e  a  y c n r r o l lx  b e n e f i c i a l  
e f f e c t  on p .-jsn ivL hy. Scnnndn ry  ponka h;ivf> hi-nri not-ec: in  th e  l i t e r a t u r e  
i n  thrc p a s s iv e  re r j io n  o f  n i i i i tn n iU r  s l a i n l n s s  - . te i 'l f t  rind a m  u s u a l ly  
r e l a t e d  t o  d i s s o l u t i o n - r i f  t i t a n iu m  c a rb ir ie  ml thi* p x tre n u 's  o f  th e  
p a s s iv e  ra n g e  w here  t h e  pno riivp  f'i In' i s  le a s t :  i . t a b l e .
T a b le  6 .4 . R e s u l t s  o f  A nod ic  P o l a r i z a t i o n  M easurem ents i n
D e a e r a t e d  IN H„SQ, a t  31 °C.
P o t e n t i a l  (mV) v e r s u s  SCE^a ^
E c o r r Ecd Ep E 100( b )
- 4 9 8 -4 2 3 -2 6 3 -3 3 S /+ 8 9 5
-4 9 2 -4 2 0 - 3 0 0 -3 4 0 /+ 9 6 6
IV -T i- IN i -5 3 3 -4 4 0 -2 4 3 - +761 -3 4 6 /+ 9 S 2
2.6V ( c ) - 4 9 6 -4 3 5 -2 7 4 +587 -3 4 4 /+ 9 2 9
2.6V -T1 -4 9 3 - 4 3 4 +790 -3 4 5 /+ 9 4 2
2 .6 V -T i- lN i -5 3 5 -4 4 9 - +754 -3 3 3 /+ 9 8 0
4V( c ) -5 1 2 -4 5 1 +451 -3 6 0 /+ 9 6 6
4V-Nb( c ) - 5 0 5 -4 5 0 -360 /+ 96G
4V -Ti -4 9 8 -4 4 0 +  38 -3 6 8 /+ 9 5 8
4 V -T i-lN i - 5 3 8 -4 5 4 -3 2 8 - +750 -3 8 1 /+ 9 9 7
4V -T i-1 .5 N i - 5 4 0 -4 5 9 -3 2 7 - +771 -3 7 7 /+ 1 0 0 6
4 V -T i-lN i -5 2 5 -4 6 1 -3 4 5 -3 0 2 +770 -387 /+ 2 C 1 8
4 V -T i-1 .5 N i-S i -5 2 3 - 4 7 0 -3 1 8 +770 -3 9 0 /+ 9 6 0
4 V -T i- i .5 N i- C u (d ) - 4 5 1 -4 1 8 -1 3 6 - 2 9 1 /- 1 1 < e)+780 ( -3 ) /+ 9 7 7
4V-Ti-Mo -5 4 7 -4 7 2 -3 2 4 -1 0 3 +788 -3 8 27+ 1004
Type 430 -5 0 5 -4 1 1 -2 7 8 4- 53 +713 -2 2 0 /+ 9 7 8
Type 4 4 4 ^ -5 0 1 -4 3 8 -  54 - 3 7 1 / - " 4 9
Type 3 l6 (g ) -3 1 1 -2 6 6 - W o
See F ig u re  6 .2 2  f o r  a b b r e v ia t i o n s
^  F100 a r e  th e  p o t e n t i a l s  c o r r e s p o n d in g  t o  100^. A/cm3
T r a n s p a s s iv e  / a l u e a ,  F ta /F L b  : 2 . 6 ' ' ,  + 831 /+ 877 ; 4V,
+ 703/+813 ; 4V -N b, + 75.V +S13.
W ith c a th a d ic  a c t i v a t i o n .  V a lu es  w ith o u t  c a th o d ic  a c t i v a t i o n  
a r e  : E c o r r  = - 2 9 2 ;  E cpp = -2 2 0 ;  Eb = +8b5 .
Two s e c o n d a ry  a n o d ic  p e a k s  p r e s e n t .  N e i th e r  p r e s e n t , h o w ev e r, 
w ith o u t  c a th o d ic  a c t i v a t i o n .
^  E m e ry -p o lis h e d , c o l d - r o l l e d  and a n n e a le d  s h e e t .  18Cr-2M o-N b/T a. 
C o m p o s itio n  (% ):C r = 1 6 .5 ,  Ni. = 1 0 .3 1 , Ho = 2 .0 6 ,  T i = 0 .2 .
C = 0 .0 3 3 , N = 0 .0 1 3 5 .
S t a t i s t i c s : The p e r c e n ta g e  d e v ia t i o n  from  th e  mean f o r  s e l e c t e d
p o t e n t i a l s  i s  a s  f o l lo w s :  E c o r r  = -  0 .36%  ( ra n g e  0 -  2 .04% ),
Ep = 1  2.06% .
T ab le  6 .5 . R e s u l t s  o f  A nodic z a t i o n  M easu rem en ts  in
D e a e r a te d  IN H„S0,
C u r r e n t  D e n s i ty  (yA /cm ' ) ( a )
Ic p Ip 1 m in .
7 .1
3 .2
IV -T i- IN i "
2 .6V (b ) 19549 1 7 .3
1 2 .4
2 .6 V -T i- lN i -
4 V ^ )
4 V - N b ^
4V -T i 1 2 .3
4 V -T i-lN i 4139 -
4 V -T i-1 .5 N i 3211 -
4 V -T i -2 \ i 2423
4 V -T i-1 .5 N i- 1 2 .2
4V -T i-1 .5N .i-•Cu( c )  85 5 .4 /1 2 9 (d )
4V-Ti-M e 4 .0
Type 430
Type 444^e ^
Type 316 -
^  Sec  F ig u re  6 .2 2  f o r  a b b r e v ia t i o n s
^  T ra n s p a s o iv c  v a lu e s ,  I t a / I t b  : 2 .6 V , 6 7 .6 /5 6 .8 ;  4V ,4 0 /2 3 8 ;
4V-Nb, 2 1 .4 /1 6 .3
^  Wjbh c a th o d ic  a c t i v a t i o n .  V a lu es  w ith o u t  c a th o d ic  a c t i v a t i o n  
a r e  : I c p p  = 4 .4 ;  I d = 4 . 4 .
^  Two a e c o n d a ry  a n o d ic  p c u k s  p r c o c n l . . N e i th e r  p r c e c n t ,  ho ivevar, 
w ith o u t  c a th o d ic  o c t i v o t i o n .
P o l i s h e d ,  c o l d - r o l l e d  and  a n n e a le d  s h e e t .
S t a t i s t i c s : The p e rc e n ta g e  d e v ia t i o n  from  th e  mean f o r  le p  i s
-  2 .6 3 5  ( ra n g e  0 .5 1  -  7 .83% ).
/ A
/:18Cr-4V
^ I B C r - W - N b  
1 8 C r - 4 V -T i
■600
■466 - >
CL
.........
Current D en s i ty  ( uA/cm^ )
F ig u re  6 .1 8 .  A nodic  p o l a r i z a L i o n  c u rv e  o f  18Cr-4V e k o it i lo u s  s t e e l  i n  IN H .S O ., a t  
31 UC, Fihev/ing th e  e fT e e l  o f  s l . a b i l i z u t i o n  w ith  t i t a n iu m  and 
n io b iu m .
+1000
18 C r-4 V -2 N i-T i
18C r-4V -1N i-T i
+600
a.
\ \
-uoo
C u rren f^ D e n s i iy  (pA°fcni2 )
10000
i 6 . 19 . A nnrlic p o l a t i z a L io n  c u rv e  o f  li)C r-4 V -T i s t .a in lo o s  s t e e l  i n  IN H -S0& 
a t  'S l°C , show ing  th e  e f f e c t  o f  a d d in g  n i c k e l .
Type 4 4 4  
\g C r - 4 V -1 M o -T i  
1 8 C r-4 V -T i
*600
^ 0 0
Q -
-200
Tqpn TWP 
nr D en s i ty  ( p A / c m
F i g u r e  6 .2 0  A nodic  p o l a r i z a t i o n  c u rv e  o f  10Cc-4V -Ti n i .a in le s i i  s t e e l  i n  IN H -S O ., 
at. 3 1 °C , oMowing U ic e f f e c t  o f  a d d in g  1% m olybdenum . Shown f o r  
c o m p a r iso n  in  Type 444  s t a i n l e s s  s t e e l  (IW C r-2H o~N b/T a).
i i 9 . ;
■>■800
>
*600 18Cr~4V-Ti-1 .5Ni
o _ W > - 1 8 C r - 4 V - T i - 1 5 N i - l5 S i
+ 2 0 0
18 Cr -  4V~Ti - 1 5  Ni -  ICu
yooo 10000io wo
Current Densi t  y { p A /cm 2 }
p o l a r i z a t i o n c u rv e  oF luC, - W - T i- l .S  N i i n  IN H^SO^,F ig u re  6 .2 1 .  A nod ic  ,_______________  - ................................... - ..........
sh o w in g  tf ie  e f f e c t  o f  a d d in g  cop,nor (1 5 )  and s i l i c o n
(1 .5 % ) . "ihj l a r g e  a n o d ic  pe ak  ul. z e r o  p o t e n t i a l  i n  t h e  c o p p e r -  
c o n ta in i n g  a l l o y  d i s a p p e a r s  when c a th o d ic  a c t i v a t i o n  i s  n o t  
c a r r i e d  o u t  p r i o r  t o  do te r m in a t io n  oF th e  a n o d ic  p o l a r i z a t i o n
P
ot
en
tia
l b e n e f ic i a l  e ffec t 
d e t r i m e n t a l  e ffe c t
Ti.NI.Mo
V . T i . N i . M o
V ,T i,M o,N i(h igh  V)
N i.M o | Ti,Cu
corr
V .Si.M i ,Mo
V .N i.Si.Cu.M o.Xi ( lo w  V)
Log c u rre n t d e n s ity
6 .2 2 .  C e n e r a l iz e d  e f f e c b  o f  a l l o y in g  e le m e n ts  -'n 
th e  a n o d ic  p o l a r i z a t i o n  o f  IBCr-V s t a i n l e s s  
s t e e l s  i n  IN H ^SO y (From  t h i s  s tu d y ) .
A b a se  a l l o y  w ith o u t  vanadium  was n o t  exam ined  in  t h i s  s tu d y , b u t  i s  
e x p e c te d  t o  fr.ve  p o o r e r  p a s s iv a t io n  c h a r a c t e r i s t i c s  com pared  to  th e  
v a n a d iu m -b e a r in g  a l l o y .  'he  r e a s o n  f o r  th e  Type 430 a l l o y  h a v in g  a 
lo w e r  c r i t i c a l  c u r r e n t  d e n s i ty  com pared t o  th e  l o w - i n t e r s t i t i a l  
1 8C r-lV  a l l o y  i s  l a r g e l y  r e l a t e d  t o  c a rb o n  c o n te n t .  W ilde and G reen 
(1 9 6 9 ) have  shown t h a t  an i n c r e a s e  i n  th e  c a rb o n  c o n te n t  s i g n i f i c a n t l y  
r e d u c e d  th e  c r i t i c a l  c u r r e n t  d e n s i ty  i n  T ypes 304 and 316 s t a i n l e s s
The F e -C r-V  a l l o y s  (and  m ost o f  th e  o th e r  a l l o y s  i n  t h i s  s tu d y )  show a 
s m a l l  se c o n d  a n o d ic  p o l a r i z a t i o n  c u r r e n t  maxima in  th e  lo w e r  p o r t i o n  
o f  th e  p a s s iv e  r e g io n ,  a p p ro x im a te ly  i n  th e  z e r o  p o t e n t i a l  p o s i t i o n  
(F ig u r e  6 .1 7 )  A more p ro n o u n ce d  p e a k  in  t h e  same p o s i t i o n  i s  
f r e q u e n t ly  o b se rv e d  in  c o m m erc ia l ly  made s t a i n l e s s  s t e e l s  ( e . g .
Type 430 and  C F -8) and i s  a s c r ib e d  to  su c h  f a c to r s  a s  g r a in  b oundary  
d i r a o l u t i u  th e  tim e  d e la y  b e tw een  im m ersion  and p o l a r i z a t i o n ,  and 
hy d ro g en  o x id a t io n  f o r  sp e c im en s  p r e t r e a t e d  a t  c a th o d ic  p o t e n t i a l s  f o r  
s i g n i f i c a n t  p e r io d s .  C igada  e t  a l .  (1978 ) ano F ra n ce  and  G reene 
(1 9 6 8 )  h av e  shown t h a t  th e  s i z e  o f  t h i s  s e c o n d a ry  pe ak  d e p en d s  on th e  
p r e - p o l a r i z a t i o n  im m ersio n  p e r io d  and th e  a l l o y  c o m p o s i t io n . I n  th e  
p r e s e n t  a l l o y s ,  im m ersio n  p e r io d  and c a th o d ic  a c t i v a t i o n  a r e  p r o b a b ly  
th e  r a i n  f a c t o r s  a c c o u n tin g  f o r  th e  a n o d ic  p e a k . F ra n ce  and  G reene 
(1 9 6 8 )  c o n s id e r  t h a t  n i c k e l  e n r ic h m e n t on th e  e l e c t r o d e  s u r f a c e ,  
e n hanced  by lo n g  p r e - p o l a r i z a t i o n  e x p o s u re ,  h ig h  a l l o y  c o r r o s io n  r a t e  
and  h ig h  n i c k e l  c o n te n t  a r e  t h e  c a u se  o f  th e  se c o n d a ry  p e a k . T h is  
e x p la n a t io n  i s  p r o b a b ly  n o t  a  s i g n i f i c a n t  f a c to r  f o r  th e  a l l o y s  
c o n ta in i n g  n i c k e l  i n  t h i s  s tu d y  b e c a u se  th e y  showed v e ry  s m a l l  o r  non ­
e x i s t e n t  s e c o n d a ry  p e ak s  ( F ig u r e  6 .2 1 ) .  I n  a d d i t i o n , t h e  F c -C r-V  a l l o y s  
c o n ta in  n e g l i g i b l e  n i c k e l  « 0 . 0 2 % ) .
T ita n iu m  and  N iobium . The m ost s i g n i f i c a n t  e f f e c t  o f  a d d in g  0.1% 
t i t a n iu m  t o  th e  F o -C r-V  a l lo y  i s  to  r a i s e  t h e  b reakdow n p o t e n t i a l  and 
th u s  e l im in a t e  i n c i p i e n t  b reakaw ay  o f  th e  t r a n s p n o s iv u  re g io n  
( F ig u r e  6 . I B ) .  T ita n iu m  and vanadium  e p p eo r t o  com bine s y n o r g i s t i c a l l y  
b e c a u se  t h e  breakdow n p o t e n t i a l  don ree tso s o n ly  s l i g h t l y  w ith  an 
i n c r e a s in g  vanadium  l e v e l .  T ita n iu m  had  v e ry  l i t t l e  e f f e c t  on th e  
r e m a in d e r  o f  t h e  a n o d ic  p o l a r i z a t i o n  c u rv e  e x c e p t  to  c a u se  a s l i g h t  
d ip  i n  t h e  p a s s iv e  r e g io n .
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In  c o n t r a s t  t o  t i t a n i u m ,  n io b iu m  o n ly  s l i g h t l y  im p ro v e d  th e  t r a n s p a s s iv a  
c h a r a c t e r i s t i c s  by lo w e r in g  th e  c u r r e n t  d e n s i ty  f o r  th e  t r a n s p a s s iv -3  
b re a ka w a y;  i t  -I'd n o t  c h an g e  th e  breakdow n p o t e n t i a l  o f  Lhe b a se  
r e -C r -V  a l l o y .
The l i t e r a t u r e  d o e s  n o t  c o n ta in  much in f o r m a t io n  on th e  e f f e c t  o f  
t i t a n i u m  and  n io b iu m  on th e  p a s s iv e  c h a r a c t e r i s t i c s  o f  s t a i n l e s s  s t e e l s .  
A c o m p a riso n  o f  t h e  p o l a r i z a t i o n  c u rv e s  f o r  T ypes 504 and  321  a l l o y s  i n  
HgSO^ show s t h a t  t i t a n i u m  i s  s l i g h t l y  d e t r i m e n t a l  i n  c a u s in g  a  few 
d ip s  i n  t h e  p a s s iv e  r e g io n  (P a y e r  and S t a e h le ,1 9 ? 5 ) .  T ita n iu m  and 
n io b iu m  a r e  p r e s e n t  i n  p r e c i p i t a t e s  and  n o t  i n  s o l i d - s o l u t i o n  s o  t h a t  
th e y  a r e  n o t  e x p e c te d  t o  p rom o te  p a s s i v a t i o n ;  on th e  c o n t r a r y ,  
p r e c i p i t a t e s  a r e  l i k e l y  s i t e s  f o r  i n i t i a t i n g  c o r r o s io n .  T ita n iu m  i s  
a s t r o n g e r  c a r b id e  and  n i t r i d e  fo rm er  th a n  vanadium  and th e  e f f e c t  o f  
t i t a n i u m  i n  r a i s i n g  th e  b reakdow n p o t e n t i a l  i n d i c a t e s  t h a t  i t  i s  
fo rm in g  more s t a b l e  p r e c i p i t a t e s  th a n  v a n ad iu m . T hus, d i s s o l u t i o n  o f  
a  vanad ium  p r e c i p i t o ^ m a y  be th e  r e a s o n  f o r  t h e  d ro p  in  th e  b r e a k ­
down p o t e n t i a l  i n  t h e  F e -C r-V  a l l o y .
N ic k e l .  T h is  e le m e n t h a s  a  p a r t i c u l a r l y  b e n e f i c i a l  e f f e c t  on th e  
p a s s iv e  c h a r a c t e r i s t i c s  o f  th e  F e -C r-V -T i a l l o y s .  The m ost im p o r ta n t  
e f f e c t s  o f  a  IK n i c k e l  a d d i t i o n  a r e  a  lo w e r in g  o f  th e  c r i t i c a l  c u r r e n t  
d e n s i ty  and  th e  minimum c u r r e n t  d e n s i ty  i n  th e  p a s s iv e  r e g io n ,  and a 
b ro a d e n in g  o f  t h e  p a s s iv e  p o te n L ia l  ra n g e  ( F ig u r e  6 .1 9 ) .  The b e n e f i c i a l  
e f f e c t s  o f  n i c k e l  a r e  more a p p a r e n t  a t  th e  h ig h e r  vanadium  l e v e l :  a t
th e  1 and  1.6%  v anad ium  l e v e l s  n i c k e l  a c t u a l l y  lo w e rs  t h e  breakdow n 
p o t e n t i a l .  The s l l o y s  c o n ta in i n g  n i c k e l  so m etim es show up t o  tw o  d ip s  
i n  t h e  u p p e r  h a l f  o f  th e  p a s s iv e  r e g io n  (F ig u r e  6 .1 9 ) .
I n c r e a s in g  th e  n i c k e l  c o n te n t  from  1 to  2% im proved  th e  p a s s iv e  
c h a r a c t e r i s t i c s  o f  t h e  a l l o y s  ev en  f u r t h e r ,  p a r t i c u l a r l y  i n  lo w e r in g  
th e  c r i t i c a l  c u r r e n t  d e n s i ty  fo i p r im a ry  p a s s iv a t io n .
N ic k e l  i s  w e l l  known f o r  th e  e f f e c t  i t  h a s  in  im p ro v in g  th e  p a s s iv e  
c h a r a c t e r i s t i c s  o f  sfca in lc iV ! : ; t t :e la  i n  and o th e r  a c id s  ( d a t a
sum m arized  by S n » p o , 1 9 7 7 ), and  th e  r e s u l t s  iv.-rc c o n f irm  t h i s  t r e n d .
M olybdenum, S i l i c o n  and  Co p p e r . The a d d i t i o n  o f  1?5 molybdenum im proved
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th e  p a s s i v i t y  o f  th e  18Cr- 4V-TL a l l o y  by lo w e rin g  th e  c r i t i c a l  c u r r e n t  
d e n s i t y  and  th e  minimum c u r r e n t  d e n s i ty  i n  t h e  p a s s iv e  r e g io n ,  and 
b r o a d e n in g  th e  p a s s iv e  r o n g e , p a r t i c u l a r l y  i n  th e  b reakdow n r e g io n .  
C om pared t o  th e  Type k kh  a l l o y  ( F ig u r e  6 .2 0 ) ,  th e  f tV -lllo -T i a l l o y  
p ro d u c e d  a  b e t t e r  e f f e c t  i n  th e  lo w e r  p o r t i o n  o f  th e  p a s s iv e  re g io n  
w h ich  may i n d i c a t e  some s y n e r g i s t i c  e f f e c t  b e tw een  molybdenum and 
v a n ad iu m . A lth o u g h  th e  m ain r e a s o n  f o r  a d d in g  m olybdenum t o  s t a i n l e s s  
s t e e l s  i s  t o  im prove  th e  p i t t i n g  r e s i s t a n c e ,  o s u b s id i a r y  b e n e f i t  i s  i n  
im p ro v e d  r e s i s t a n c e  t o  r e d u c in g  a c i d s .
S i l i c o n  a t  t h e  13 l e v e l  had  v e ry  l i t t l e  e f f e c t  on th e  p a s s i v a t i o n  o f  
an  1 8 C r-4 V -1 .5 N i a l l o y ,  th e  c r i t i c a l  c u r r e n t  d e n s i ty  and p a s s iv a t io n  
p o t e n t i a l  b e in g  lo w e re d  s l i g h t 1 /  and  th e  c u r r e n t  d e n s i ty  i n  th e  
p a s s iv e  ra n g e  b e in g  in c r e a s e d  som ew hat ( F ig u r e  6 .2 1 ) .  W ilde  and 
A rm ijo  (1 9 6 8 )  a l s o  found  t h a t  s i l i c o n  (up  t o  4 .2% ) had  l i t t l e  e f f e c t  on 
th e  a c t i v e  and  p a s s iv e  r e g io n s  o f  a  14C r-14N i a l l o y  in  IN H^SO^, b u t  
t h e y  d id  n o te  t h a t  s i l i c o n  was d e t r i m e n t a l  i n  th e  t r a n s p a a s iv e  r e g io n  
w h ere  i t  r a i s e d  th e  c u r r a n t  d e n s i ty  f o r  t h e  t r a n s p a s s i v e  t r a n s i t i o n  
( E ta ,  F ig u re  6 .2 2 ) .  L iz lo v s  (1 9 6 6 )  found a  s y n e r g i s t i c  e f f e c t  b e tw een  
m olybdenum  a n d  s i l i c o n  in  im p ro v in g  th e  s t a b i l i t y  o f  th e  p a s s iv e  f i lm  
i n  a  17% chrom ium  a l l o y .
C opper h a d  a  g e n e r a l l y  b e n e f i c i a l  e f f e c t  on th o  p a s s i v i t y  o f  th e  
1 8 C r-4 V -1 .5 N i b a se  a l l o y ,  p a r t i c u l a r l y  i n  r e d u c in g  th e  c r i t i c a l  c u r r e n t  
d e n s i t y ,  b u t  i t s  e f f e c t  d e p en d e d  l a r g e l y  on w h e th e r  o r  n o t  c a th o d ic  
a c t i v a t i o n  w as c a r r i e d  o u t  p r i o r  t o  a n o d ic  p o l a r i z a t i o n .  The c u rv e  f o r  
t h e  c o p p e r - b e a r in g  a ._  . i n  F ig u re  6 .2 1  was o b n t in e d  on a  sa m p le  w hich  
w as c a t h o d i c u l i y  a c t i v a t e d .  The la r g o  a n o d ic  p e a k  i n  th e  r e g io n  o f  
z e r o  p o t e n t i a l ,  no w e l l  no th e  s m a l le r  one  a t  a b o u t  -3GU mV, w ere  n o t  
f o u n d  when th e  a l l o y  woo n o t  c a t h o d i c a l l y  a c t i v a t e d .  T h is  r e s u l t  
c o n f i r m s  chn  h y d ro g e n  o x id a t io n  e x p la n a t io n  p u t  fo rw a rd  by R ockel 
(1 9 7 1 )  t o  a c c o u n t  f o r  (h o  p r e s e n c e  o f  s e c o n d a ry  a n o d ic  p e a k s  in  
a n o d ic  p o l a r i z a t i o n  c u r v e s .  O th e r  e f f e c t s  o f  n o t  c a t h o d i c a l l y  
p o l a r i z i n g  w en! a r a i s i n g  u f  th e  f r o u - c o r r o s io n  and  breakdow n 
p o t e n t i a l s .
6 . 3 . 2 . P i t t i n g  R e s ie tn n c e .  The p i t t i n g  r e s i s t a n c e  o f  th e  a l l o y s
d e te rm in e d  b o th  p o te n t io d y n a m ic a l l y  i n  0 .1N  NaCl and by w e ig h t l o s s  i n  
F e C l j ,  a r e  shown by  th e  r e s u l t s  i n  T ab le  6 .6  ( T a b le  6 .7  sum m arizes th e  
r e s u l t s ) .  I n  o r d e r  t o  p r o v id e  some m easu re  o f  v a r i a b i l i t y  o f  th e  
p i t t i n g  p o t e n t i a l s ,  t h e  o v e r a l l  p e rc e n ta g e  d e v ia t i o n  from  th e  mean 
i s  r e c o rd e d  f o r  e a c h  o f  t h e  t e s t  te m p e r a tu r e s  ( T able  6 . 6 ) .  T ren d s  
i n  t h e  r e s u l t s  a r e  i n t e r p r e t e d  in  te rm s  o f  th e  a c t u a l  v a lu e s  r e c o rd e d  
f o r  e a c h  a l l o y ,  b u t  a  f i n e r  a s s e s s m e n t  m ust c o n s id e r  th e  p r e c e n ta g e  
d e v i a t i o n s .
P i t t i n g  P o t e n t i a l .  A p l o t  o f  th e  p i t t i n g  p o t e n t i a l s  i n  i i g u r e  6 .2 3  
show s t h a t  an  in c r e a s e  if , v anad ium  h a s  a b e n e f i c i a l  e f f e c t  on th e  
p i t t i n g  p o t e n t i a l  (an d  h e n ce  r e s i s t a n c e  t o  p i t t i n g )  i n  a l l  th e  F e -C r-V  
a l l o v s .  As e x p e c te d ,  t h e  p i t t i n g  p o t e n t i a l  d e c r e a s e s  w ith  an i n c r e a s e  
i n  t e m p e r a tu r e .  The e f f e c t  found  f o r  vanadium  c o n f ir m s  th e  r e s u l t s  
o f  Tomashov e t  a l .  (1 9 6 4 )  and  C lim ax  Molybdenum (u n p u b lis h e d  d a t a ) .  
B i e f e r  (1 9 7 0 ) found t h a t  vanadium  a t  th e  1.13%  l e v e l  d e c r e a s e d  th e  
p i t t i n g  p o t e n t i a l  i n  IN + 0 .5N  N aC l, b u t  i n c r e a s e d  th e  v a lu e
c o n s id e r a b ly  when th e  v a n a d ii.n  l e v e l  was r a iu e d  to  2 .18% . A slund  
( 1 9 /7 )  a l s o  r e p o r t e d  t h a t  a  1 . 1% vancdium  l e v e l  g av e  a v e ry  low 
p i t t i n g  p o t e n t i a l  i n  an  18Cr-2.M -lo a l l o y .  An a l l o y  w ith o u t  vanadium  
w as n o t  exam ined  i n  t h i s  s tu d y  so  t h a t  i t  i s  n o t  p o s s ib l e  t o  sa y  
w h e th e r  s m a l l  a d d i t i o n s  o f  vanadium  a r e  d e te r im & n ta l  a s  found  by 
B i e f e r  and  A s lu n d . T h ere  i s  a  s u g g e s t io n  in  th e  r e s u l t s  o f  Tomashov 
e t  a l .  ( F ig u r e s  4 .3  and  4 .4  h e r e )  t h a t  s m a l l  a d o p t io n s  o f  vanadium  
(u p  t o  1 .5% ) a r e  n o t  an  e f f e c t i v e  a s  h ig h e r  a d d i t i o n s .
S t a b i l i z a t i o n  o f  th e  a l l o y s  w ith  t i t a n iu m  and  n io b iu m  p ro v e d  d e t r i ­
m e n ta l  a t  t h e  lo w e s t  t e s t  te m p e r a tu re  b u t  w as b e n e f i c i a l  a t
t h e  h ig h e r  te m p e r n tu r e y .  The e f f e c t  o f  t i t a n iu m  on th e  p i t t i n g  
p o t e n t i a l s  o f  s t a i n l e s s  s t e e l n  i s  p o o r ly  r e c o rd e d  i n  th e  l i t e r a t u r e  
w i th  some s tu d i o ; ;  show ing  i t  ho b e  d e t r i m e n t a l  (T a b le  4 .8 )  w h ile  o t h e r s  
n o te  b e n e f i c i a l  e F f u c tu  ( F ig u r e  4 .4 :  A s lu n d , 1977 -  n y r v r g i s t i c  e f f e c t
be tw ee n  vanadium  and  t i t a n i u m ) .  T fv r e u n i t e  h r r c  indic.v '-O  th a t  
t i t a n iu m  may p ro d u c e  i  ti i  moot b nncf i c i n l  o f  f o c i  a t above am b ien t 
te m p e r a tu r e s .  S t a b i l i z a t i o n  w i th  n io b iu m  w a n  found to  p ro d u c e  h ig h e r  
p i t t i n g  p o t e n t i a l s  when com pared  to  L iU n iu m .
T a b le  6 .6 .  P i t t i n g  R e s is t a n c e  o f  th e  E x p e r im e n ta l  A llo y s  
Com pared t o  O th e r  S t a i n l e s s  S t e e l s .
P i t t i n g  P o to ,iL ia lo  W eight
in  G.1N NaCl (mV)( a )  Logs
A llo y (mdd)
I V - T i- lN i
2.SV -T1-1N 1
504
AV-Nb 442
4 V -T i-lN i 665
4V -T i-1 .5 .N i 408 216 390
4 V -U -2 N i
4 V -T i-1 .5 N -S i 144
4V -T i-1 .5 N i-C u
4V-Ti-Mo 272
T ype 430 -3 2 0
Type 316 -7 7 9 7 %Tyne 444 430 1250
( a )  mV v o rsu o  SCC
W eight lo tsa  in 10% r c c i j
^  From S tc ig o rw a ] '<1 (1974 )
S t a t i s t i c s :  P s rc i ’n ta c je  dev rom tlm  inr=in f o r  th o  p i t t i n g
p o tc r i -  I  OS; a I. 59 ''C , -  14%; a t  81 ° r ,
-  20!
T a b le  5 .7 .  Summary o f  t h e  E f f e c t  o f  V a r io u s  A llo y in g  E le m en ts
on th e  P i t t i n g  R e s is t a n c e  o f  t h e  E x p e r im e n ta l
A llo y in g  F ib b in g  P o t e n t i a l s  F e C lj
E lem en t 31-C W eight b o a s  .
V anadium + + _
T ita n iu m - + + +
N iobium - +
N ic k e l  ( v a r i a b l e  vanad ium ) - + + -
N ic k e l  ( c o n s t a n t  vanad ium ) v V + -
S i l i c o n 4 + -
C opper + + + +
M olybdenum - + -
+  = b e n e f i c i a l  e f f - c b ;  -  =■ d e fc rim en b a l e f f e c t ;
V = v a r i a b l e  e f f e c t .
30 kQ 50 60 70 80 90
TEMPERATURE (00
F ig u re  6 .2 3 .  The e f f e c t  o f  te m p e r a tu re  on th e  p i t t i n g  p o t e n t i a l
o f  v a r io u s  e x p e r im e n ta l  a l l o y s  com pared  to  T ypes 316 
and 430 s t a i n l e s s  s t e e l .
R e g a rd in g  th e  e f f e c t  o f  o th e r  e le m e n ts ,  m olybdenum was v e ry  b e n e f i c i a l  
a t  a l l  t h e  t e s t  t e m p e r a tu r e s ,  n i c k e l  p ro d u c e d  a  v a r i a b l e  e f f e c t ,  c o p p e r  
was b e n e f i c i a l  o n ly  a t  th e  h ig h e r  te m p e r a tu re s  (59  and 8 1 " C ) , and 
s i l i c o n  was d e t r i m e n t a l  a t  81°C . A 1% m olybdenum r i d i t i o n  to  th e  
4V~Ti a l l o y  r a i s e d  th e  p i t t i n g  p o t e n t i a l  by 268 mV. T h is  in c r e a s e  
i s  much g r e a t e r  th a n  th e  50 t o  100 mV in c r e a s e  fo und  e r,i a  i *  
m olybdenum a d d i t i o n  t o  a t i t a n i u m - f r e e  18% chrom ium  a l l o y  w i th  v a r i a b l e  
c a rb o n  l e v e l s  (20 t o  50 ppm, L iz lo v s  and  B ond, 1975; 300 ppm, Bond,
1 973 ) even  c o n s id e r in g  th e  IN NaCl s o l u t i o n s  i n  w hich  th e y  w ere  
t e s t e d ,  and  s u g g e s ts  a s y n e r g i s t i c  i n t e r a c t i o n  be tw ee n  m olybdenum , 
vanadium  and t i t a n iu m .  A slund  (1977 ) r e p o r t e d  a  s i m i l a r  e f f e c t  i n  
t h a t  0.1%  vanadium  a d d ed  to  an  jtiO -2 .4 M o -T i a l l o y  r a i s e d  th e  p i t t i n g  
p o t e n t i a l  by 125 mV i n  0 .5N  N aC l.
The a d d i t i o n  o f  1% n ic k e l  t o  an  f o -C r - V -T i a l l o y  was d e t r i m e n t a l  a t
31°C b u t  b e n e f i c i a l  a t  59 and 81°C . I n c r e a s in g  th e  n i c k e l  l e v e l  
from  1 t o  2% i n  a  4V-T1 a l l o y  had  a v a r i a b l e  e f f e c t  on th e  p i t t i n g  
p o t e n t i a l .  H o rv a th  and U h lig (1 9 6 8 )  fo u n d  t h a t  n i c k e l  in c r e a s e d  th e  
p i t t i n g  p o t e n t i a l  o f  a  15% chrom ium  s t a i n l e s s  s t e e l  i n  0 .1N  NaCl a t  
25°C , a n d  Bond (1 9 7 3 )  r e p o r t e d  t h a t  an lB C r-lU h!i-2M o  a l l o y  had  a 
h ig h e r  p i t t i n g  p o t e n t i a l  th a n  a  17Cr-2Mo a l l o y  i n  NaCl a t  25°C , 
e x c e p t  a t  te m p e r a tu r e s  above 40°C . The e f f e c t  o f  n i c k e l  on th e  p i t t i n g  
p o t e n t i a l  o f  s t a i n l e s s  s t o o l s  t h e r e f o r e  a p p e a rs  t o  depend  t o  some e x t e n t  
on th e  p r e s e n c e  o f  o th e r  a l l o y in g  e le m e n ts ,  and  th e  same c o n c lu s io n  
p r o b a b ly  a p p l i e s  i n  t h i s  s tu d y .
The e f f e c t  o f  c o p p e r  an  t h r  p i t t i n g  p o t e n t i a l  i s  n o t  w e l l  do cu m en ted . 
C opper was found  to  be q u i t e  d e t r i m e n t a l  a t  31 UC b u t  w as b e n e f i c i a l  
a t  th e  h ig h e r  te m p e r a tu r e s .  T h is  f e - d u r e ,w h ic h  was a l s o  fo und  f o r  
t i t a n iu m  and n i c k e l , may in d i c a t e  some i n t e r a c t i o n  w ith  o th e r  e le m e n ts .
S i l i c o n  i s  c o n s id e r e d  to  h av e  a b e n e f i c i a l  e f f e c t  on th e  p i t t i n g  
r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s  and  w h ile  t h i s  i s  th e  c a s e  f o r  th e  
lo w e s t  te m p e r a tu re  s t u d i e d ,  1.5%  s i l i c o n  a p p e a re d  d e t r i m e n t a l  a t  th e  
h ig h e r  t e m p e r a tu r e s .  A h ig h e r  l e v e l  o f  s i l i c o n  i s  p r o b a b ly  n e ed e d  to  
o b t a in  a  c o n s i s t e n t  e f f e c t  i n  s t a i n l e s s  s t e e l s  b u t  t h i s  can  le a d  to  
p r o c e s s in g  and e m b r i t t l e m e n t  p r o b le m s .
E x a m in a tio n  o f  th e  s u r f a c e  o f  th e  p o t e n t i c s t o t  sp e c i/n o n e  a f t e r  
d e l i b e r a t e ,  a c c e l e r a t e d  p i t t i n g  show ed c l c a - l y  t h a t  p r e c i p i t a t e s  and 
s u r f a c e  d e f e c t s  ( e . g .  p o l i s h in g  s c r a t c h e s .  F ig u re  6 .2 4 )  w ere  th e  m ain 
s i t e s  f o r  th e  i n i t i a t i o n  o f  p i t t i n g .  D e s p i te  t h e  a p p a r e n t  c l e a n l i n e s s  
o f  th e  e x p e r im e n ta l  a l l o y s ,  some l a r g e  n o n - m c t a l l i c  p r e c i p i t a t e s  w ore  
found  in  t h e  p i t s  ( F ig u r e  6 . 2 5 ) . X -ray  a n a l y s i s  o f  26 p r e c i p i t a t e s  
r e v e a le d  th e  p r e s e n c e  o f  s i l i c o n ,  chrom ium , vanadium  and a lum in ium  
w ith  e a c h  e le m e n t b e in g  c o u n te d  12 t im e s  ( f i g u r e s  6 .2 6  and 6 .2 7 ) .  
Chromium and  vanadium  w ere a lw ay s  n o te d  t o g e t h e r .  O th e r  e le m e n ts  
d e t e c t e d  in  th e  p r e c i p i t a t e s  w ere  c a lc iu m , p o ta s s iu m  m d  s u lp h u r .
P i t t i ng i n  f o C i^ .  The r e s u l t s  o b ta in e d  from  w e ig h t lo s s  m e asu re m en ts  
i n  F e C l j  d id  no t a lw ay s  e n r r e l a l n  w i th  th e  p i t t i n g  p o te n t  i n i  t r e n d  
(T a b le  6 . 7 ) .  From T ab le  6 .6  i t  can  b e  s e e n  t h a t  t b "  ft- Cr-V a l l o y s  
show ed th e  g r e c ilm l. w e ig h t J o s s  f o r  a l l  t h e  e x p e r i .  e n t a l  a l l o y s ,  w i th
F ig u re  6 .2 4 .  Mode o f  p i t t i n g  o f  18Cr-4V a l l o y  in  0.1N  NfiCl show ing  
i n i t i . i t  iu n  o f  snn.v p i t s  a lo n g  p o l i s h in g  c n r n t c h e s .
F ig u re  6 . 2i>. N u tu ro  o f  la rg o  o l o n y n l [ . ^ a n i  p i t a t o  i n  
1 8 C r - 4 V - 7 i - ] . 6 \ ; - l . . ‘>Si a l l u y .
B H V / C H
F ig u re  (i. 26 . EDAX d tf tc rm irv .l cum pun ib ion  uf i - r ' i p i t a t c  i n  IB H r-W  
□ H o y  a ro u n d  v.-iiii/li p i tL i n y  appuar-j fcn hrm> b re n  
i n L t i a t c i j .  Dot;; r e p r c a u n t  th o  b au c  o l l n y ,  and  th e  
g re y  o re :,  th e  p r u iu f j iL a t c  (S i-K  r i c h ) .
r i q u r i ;  6 .2 7 .  L:)AX Niinivj cijmprj:; i f i
]D/?r--'iV-f i -si lu y .  D.iUi r i 'p n ;  
tlii! iji'Eiy iin v i l.h" p i ' i" 'i |) i  I n l i '
[ii-cc ip i t : ) h -  i n  p i t  i n  
etiI ! In - l)n:>‘ ; i l l o »  nr)ci 
( ( '[•  - V - A l  v . i t 'l * ) .
131 .
in c r e s s .  , vanad ium  g e n e r a l l y  b e in g  d e t r i m e n t a l  ( F ig u r e  6 .2 8 ) .  In  
c o n t r a s t ,  t h e  4V a l lo y  p ro d u ce d  th e  se co n d  h ig h e s t  p i t t i n g  p o t e n t i a l  
i n  t h i s  s t u d y .  B o th  Tomashov e t  a l .  (1964 ) and  B i e f e r  (1 9 7 0 )  showed 
t h a t  vanad ium  p ro d u c e d  a  low w e ig h t l o s s  i n  F eC l^  and  t h a t  in c r e a s in g  
vanadium  (ab o v e  1 .5 $  i n  th e  r e s u l t s  o f  Tomashov e t  a l . )  d e c r e a s e d  th e  
w e ig h t l o s s .  B i e f e r  found  t h a t  vanadium  re d u c e d  th u  w e ig h t lo o s  
com pared  t o  t h e  b a s e  a l l o y ,  Typo  430 . (The  e x p e r im e n ta l  F e -C r-V  
a l l o y  in  t h i s  s tu d y  show ed l e s s  w e ig h t l o s s  th a n  !ype  4 3 0 ) .
S t a b i l i z a t i o n  o f  t h e  F e -C r-V  a l l o y s  w ith  t i t a n i u m  w as b e n e f i c i a l  a t 
t h e  2.6% , and  p a r t i c u l a r l y  4%, vanadium  l e v e l  and  p ro d u c e d  a b e t t e r  
r e s u l t  th a n  n io b iu m  ( f i g u r e  6 .2 9 ) .  T ita n iu m  h a s  been  shown t o  be 
d e t r i m e n t a l  t o  p i t t i n g  c o r r o s io n  i n  FeC l^  (M uskow itz  e t  a l . ,  1967 ; 
F ig u re  4 .3 )  and  th e  r e s u l t  h e re  may in d i c a t e  some s y n e r g i s t i c  e f f e c t  
be tw een  vanad ium  and t i t a n iu m  a s  was n o te d  in  d i s c u s s in g  th e  p i t t i n g  
p o t e n t i a l s .
The a d d i t i o n  o f  1% n ic k e l  t o  t h e  F e -C r-V -T i a l l o y s  had a d e t r i m e n t a l  
e f f e c t ,  a l th o u g h  o n ly  s l i g h t l y  so  a t  t h e  1% vanad ium  l e v e l  (F ig u re  
6 .3 0 ) .  I n c r e a s in g  th e  n i c k e l  l e v e l  from  1 t o  2% c l e a r l y  d e c r e a s e d  th e  
w e ig h t l o s s  i n  t h e  a l l o y s .  As d is c u s s e d  e a r l i e r ,  t h e  e f f e c t  o f  n i c k e l  
i n  s t a i n l e s s  s t e e l s  i s  v a r i a b l e  and d e p en d s  on th e  p r e s e n c e  o f  o th e r  
a l l o y in g  e le m e n ts ,  and  th e  r e s u l t s  h e re  i n d i c a t e  t h a t  n i c k e l  may be 
b e n e f i c i a l  i n  F e -C r-V -T i a l l o y s  above  a t h r e s h o ld  l e v e l  o f  1%.
The m ost b e n e f i c i a l  d em en ti,-  a s  r e g a r d s  w e ig h t l o s s  i n  F eC l^  w ore 
s i l i c o n  and  m olybdenum , and th o s e  r e s u l t s  c o r r e l a t e  w e l l  w ith  th e  
t r e n d  fo u n d  f o r  th e  p i t t i n g  p o t e n t i a l s  ( F ig u r e  6 .3 3 ) .  The v e ry  low  
w e ig h t l o s s  f o r  th u  molybdenum - c o n ta in in g  a l l o y  com pared  t o  
Type 444  p r o v id e s  some c o n f i r m a t io n  o f  a sy n n rg iH i.ie  e f f e c t  be tw een  
m olybdenum , vanad ium  and t i t a n iu m ,r e f e r r e d  t o  e a r l i e r  i n  d is c u s s in g  
th e  p i t t i n g  p o t e n t i a l s .
C opper was fo und  to  h av e  a d e l.r i  meiil u l  e l ( e e l  in  t h a t  a 1% a d d i t i o n  
lo a d  to  a  m ore th a n  th r e e f o l d  in c r e a s e  in  I he  w e ig h t l o s s  o f  th e  
b a s e ,  4 V -T i - I .5 N i ,  a l l o y .
An o v e r a l l  a s s e s s m e n t  of" th e  u f l e e  o f  a l l o y in g  on th e  p i t t i n g
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.30  R e s u l t s  o f  p i t t i n g  t e s t  i n  FrC I^ , a  I. 23°C , F it ju re  6 .3 1 .  R e s u l t s  o f  p i t t i n g  t e s t  i n  F e C l j ,  a t  23°C,
show ing  th e  e f f e c t  o f  n i c k e l .  A l la y s  art*: show ing  th e  e f f e c t  o f  s i l i c o n ,  c o p p e r  and
Typo 430 ; 3 ] = IV; 35 = I V - I i ;  311 = A V -T i-JN i. m olybdenum . A llo y s  a r e :  37 =4V -Ti;
76 = A V - T i - l .S N l - S i ;  79 = 4 V -T i-1 .5 N i- lC u ?  
78 = 4V-T1-1MO.
r e s i s t a n c e  o f  th e  e x p e r im e n ta l  a l l o y s  m ust c o n s id e r  th e  r e l a t i v e  m e r i t s  
o f  p i t t i n g  p o t e n t i a l s  v e r s u s  w e ig h t  l o s s  i n  F e C ly  S in c e  some d o u b t 
s t i l l  s u r ro u n d s  th e  u s e  o f  p i t t i n g  p o t e n t i a l s  i n  p r a c t i c e  ( a l th o u g h  
th e y  u u j a l l y  c o r r e l a t e  p o s i t i v e l y  w i th  p i t t i n g  r e s i s t a n c e ) ,  th e  FeCl-j 
w e ig h t l o s s  t e s t  m ust b e  r e g a rd e d  a s  more a b s o lu t e .  V anadium m ust 
t h e r e f o r e  b e  c o n s id e r e d  a s  h a v in g  a  v a r i a b l e  t o  somewhat d e t r i m e n t a l  
e f f e c t  on p i t t i n g  c o r r o s io n  i n  t h e  18% chrom ium  a l l o y s  s t u d i e d .  The 
m o st p ro m is in g  a l l o y  c o m b in a t io n s  i n  t h i s  s tu d y  w ere 4 V -T i-M o ,- 
4 V -T i-S i and  4 V -7 i . in  im p o r ta n t  r e s u l t  i s  th e  s u g g e s t io n  o f  a 
s y n e r g i s t i c  e f f e c t  b e tw ee n  m olybdenum ; vanadium  and t i t a n iu m  o r  
be tw een  vanadium  and t i t a n i u m .
6 .3 .3 .  G e n e ra l C o r r o s io n .  The c o r r o s io n  r a t e s  f o r  t h e  a l l o y s  i n  
HNOy o x a l i c  and H^SO^ a c id s  a r e  p r e s e n te d  i n  T ab le  6 .8 .
HNGy The IV and 2 .6V  a l l o y s  show ed th e  h ig h e s t  c o r r o s io n  r a t e s  i n  
b o i l i n g  65% HNOy w h ile  t h e  4V a l l o y  had  one o f  t h e  lo w e s t  c o r r o s io n  
r a t e s . S t a b i l i z a t i o n  w ith  t i t a n i u m  was v e ry  b e n e f i c i a l  a t  t h e  1 and 
2.6%  vanadium  l e v e l s , b u t  s l i g h t l y  d e t r i m e n t a l  ( a s  was n io b iu m ) in  
t h e  4V a l l o y .  The a d d i t i o n  o f  1% n i c k e l  t o  th e  a l l o y s  had  a 
d e t r i m e n t a l  e f f e c t  a s  d id  s i l i c o n ,  c o p p e r  and  m olybdenum, and 
in c r e a s in g  n i c k e l  from  1 t o  2% h a d  a v a r i a b l e  e f f e c t .  The c o r r o s io n  
r a t e s  shown by th e  e x p e r im e n ta l  a l l o y s  a r e  g r e a t e r  th a n  found  f o r  t h e  
a u s t e n i t i c  and Type 444  s t a i n l e s s  s t e e l s .
Vanadium a p p e a rs  t o  h av e  a d e t r i m e n t a l  e f f e c t  i n  HNO-j a t  a  c o n c e n t r a ­
t i o n  below  some l e v e l  b e tw ee n  2 .6  and  4%, w hich may be r e l a t e d  t o  
i n t e r g r a n u l a r  c o r r o s io n .  The f a c t  t h a t  th e  a d d i t i o n  o f  t i t a n iu m  
c o n s id e r a b ly  re d u c e d  th e  c o r r o s io n  r a t e  i n d i c a t e s  t h a t  t i t a n iu m  i s  
rem ov ing  c a rb o n  from  nome o th e r  d e t r i m e n t a l  p r e c i p i t a t e  t o  form  a  
more c o r r o s io n  r e s i s t a n t  p r e c i p i t a t e .
O x a l ic  A c id . V anadium had  a  d e t r i m e n t a l  e f f e c t  on th e  c o r r o s io n  r a t e  
i n  b o i l i n g  3% o x a l i c  a c i d ,  p a r t i c u l a r l y  a t  t h e  2 .6  and 4% l e v e l s .  
S t a b i l i z a t i o n  w ith  t i t a n iu m  and  n io b iu m  had  a b e n e f i c i a l  e f f e c t  a s  
d id  t h e  a d d i t i o n  o f  1% n ic k e l  t o  a V -T i a l l o y .  I n c r e a s in g  n ic k e l  
from  1 to  2% was b e n e f i c i a l  o s  w as t h e  a d d i t i o n  o f  1.5%  s i l i c o n  t o  t h e  
b a s e  4 V -T i-1 .5 N i a l l o y ,  p r o d u c in g  th e  lo w e s t  c o r r o s io n  r a t e  found ,
T ab le  6 .8 .  C o r r o s io n  R a te s  f o r  th e  E x p e r im e n ta l A llo y s  i n  HNO ,.
O x a l ic  and H^SO^ A c id s  Com pared t o  O th e r  S t a i n l e s s
________ C o r ro s io n  R a to  (mpy)  Im m ersion  P e r io d ( d a y s )
A llo y 65% HN02 l' a ) O x a l L ^ ’ IN B2504 ( c ) HNO, O x a l ic
144 2
IV - T i- IN i 6
2.6V 292 10
2 .6 V -T i 9
2 .6 V -T i- lN i 11
4V 9
4V-Nb
4V -T i
4 V -T i-lN i
4 V -T i-1 .5 N i
4 V -T i-2N i
4 V -T i-1 .5 N i-S i 13
4 V -T i-1 .5 N i-C u 8
4V-Ti-Mo 16
T ype 430 2
Type W d )
T ype 3 1 6 (d ) l / " ) - -
Type 444 4 2 2 ( e )
B o i l in g  s o lu t io n
B o i l in g  s o l u t i o n .  A c t iv e /p a s s iv e  b e h a v io u r  e x h ib i t e d  by a l l  
a l l o y s  e x c e p t  V -S i and T ypes 304 and 316 a l l o y s .
c  L in e a r  p o l a r i z a t i o n  r e s u l t ,  a t  3 l JC. A nodic  and c a th o d ic  T a f e l  
s lo p e s  o f  80 and 110 m V /decode r e s p e c t i v e l y ,  assumed
d R e s u l t s  from  C lim ax  Molybdenum p u b l i c a t i o n  on Type 444  a l l o y .
R e s u l t s  from  t h i s  s tu d y .  Type 444 a l l o y  was e m e r y - p o lis h e d ,
20 mpy. Molybdenum was p a r t i c u l a r l y  b e n e f i c i a l ,  b u t  c o p p e r  was 
som ew hat d e t r i m e n t a l .
The c o r r o s io n  r a t e s  found  f o r  th e  e x p e r im e n ta l  a l l o y s  c o n ta in in g  
n i c k e l  ( e x c e p t  th e  iV - T i- I N i a l l o y )  w ere  lo w e r  th a n  f o r  t h e  
a u s t e n i t i c  and Type W v  a l l o y s ,  a  F a c t w h ich  c an  b e  a s c r ib e d  s o l e l y  
t o  t h e  n i c k e l  a d d i t i o n .
As i n d i c a t e d  in  T a b le  6 . 8 ,  m ost o f  th e  a l l o y s  show ed a c t i v e / p a s s i v e  
b e h a v io u r ,  a  f e a t u r e  w hich  i s  a l s o  shown by th e  Type 444 a l l o y .  A ll  
t h e  a l l o y s  w ere  c o v e re d  by a g r e e n is h - y e l l o w  c r u s t  a f t e r  im m ersion  
t e s t i n g  w h ic h  was show n by X -ray  a n a l y s i s  t o  b e  h y d r a te d  i r o n  
o x a l a t e  (FeC ^O ^^H gO ).
HgSO^. F e r r i t i c  s t a i n l e s s  s t e e l s  i n  g e n e r a l  do n o t  h av e  good 
r e s i s t a n c e  to  H^SO^ and t h i s  i s  c o n firm e d  by th e  h ig h  c o r r o s io n  
r a t e s  fo und  f o r  th e  e x p e r im e n ta l  a l l o y s .  Vanadium a p p e a re d  to  have  a 
d e t r i m e n t a l  e f f e c t  b u t  i n c r e a s in g  vanadium  lo w e re d  th e  c o r r o s io n  r a t e  
s l i g h t l y  ( t h i s  c o r r e l a t e s  w i th  th e  c u r r e n t  d e n s i ty  d a t a ) ;  s t a b i l i z a ­
t i o n  w ith  t i t a n iu m  and n io b iu m  p ro v ed  d e t r i m e n t a l?  n i c k e l  was 
p a r t i c u l a r l y  b e n e f i c i a l  a t  -.11 l e v e l s ;  and c o p p e r  and m olybdenum w ere 
b e n e f i c i a l  w ith  th e  c o p p e r  a l l o y  ( 4 V -T i-1 ,5 N i- lC u )  show ing  th e  lo w e s t  
c o r r o s io n  r a t e  (50 m py). T hese  t r e n d s  c o r r e l a t e  f a i r l y  w e l l  w ith  t h e  
e f f e c t  o f  a l l o y in g  on th e  p a s s i v a t i o n  o f  t h e  a l l o y s  i n
I n  an a s s e s s m e n t  o f  th e  o v e r a l l  e f f e c t  o f  a l l o y in g  on c o r r o s io n  i n  th e  
t h r e e  c c i d s ,  vanadium  a p p e a rs  t o  h av e  a v a r i a b l e  e f f e c t  i n  t h e  C r -V a l? o y  
(425 vanad ium  was p a r t i c u l a r l y  b e n e f i c i a l  i n  HNO^). S t a b i l i z a t i o n  w ith  
t i t a n iu m  w as b e n e f i c i a l  i n  HNOj and  o x a l i c  a c id ,  b u t  d e t r i m e n t a l  in  
HgSO^. The m ost f a v o u r a b le  g e n e r a l  a l l o y  c o m b in a t io n  in  te rm s  o f  
r e s i s t a n c e  t o  a l l  t h r e e  a c id s  w as V -T i-N i, w ith  t h e  a d d i t i o n  o f  c o p p e r  
and s i l i c o n  (and  m olybdenum ) im p ro v in g  c o r r o s io n  r e s i s t a n c e  even 
F u r th e r  i n  s p e c i f i c  e n v iro n m e n ts .  O v e r a l l ,  th e  b e s t  d l l o y  c o m p o s itio n  
w as 4 V -T i-1 .5 N i- lC u .
6 .3 .4 .  I n te r c i r a n u la r  C o r r o s io n .  I n t e r g r a n u la r  c o r r o s io n  was n o t 
d e t e c t e d  i n  th e  a l l o y s  i n  th e  m o d if ie d  S t r a u s s  t e s t  (C u-C uSO ^-H ^Q ^)
i n  e i t h e r  t h e  a n n e a le d  (825-B50“C> w a te r  qu en ch ed ) o r  s e n s i t i z e d  
(1150aC, w a te r  q u e n ch e d )  c o n d i t i o n .  No c ra c k in g  was o b se rv e d  a t  
t h e  a p e x e s  o f  th e  bend  a t  a  m a g n i f ic a t io n  o f  30X in  th e  vanad ium - 
b e a r in g  sp e c im en s  b e n t  th ro u g h  17naC, b u t  th e  s e n s i t i z e d  Type 430 
a l l o y  b ro k e  in  h a l f  on b e in g  b e n t .  I t  c an  be c o n c lu d e d  t h a t  none 
o f  th e  a l l o y in g  e le m e n ts  in d u c e  s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  
c o r r o s io n  and  t h a t  s i g n i f i c a n t  chrom ium  c a r b id e  p r e c i p i t a t i o n  
d o e s  n o t  o c c u r  a t  th e  g r a in  b o u n d a r ie s .
I n t e r g r a n u l a r  c o r r o s io n  c an  b e  p r e v e n te d  in  18?5 chromium s t a i n l e s s  
s t e e l s  by lo w e r in g  th e  com bined  c a rb o n  and n i t r o g e n  l e v e l  to  
be low  1 0 0 -8 0  ppm ( T a b le  2 .2 )  (Demo and  Bond, 1 9 7 5 ) , o r  s t a b i l i z i n g  
w ith  e le m e n ts  su c h  a s  t i t a n iu m  and n io b iu m , o r  h a v in g  h ig h  vanadium  
l e v e l s .  The com bined  c a rb o n  and n i t r o g e n  l e v e l  o f  t h e  Cr-V a l l o y s  
v a r i e d  from  94 to  157, w h ich  i s  on th e  b o r d e r l i n e  o f  s u s c e p t i b i l i t y  
t o  i n t e r g r a n u l a r  c o r r o s io n .  C lim ax  Molybdenum found  t h a t  i n t e r ­
g r a n u la r  c o r r o s io n  o c c u r re d  i n  IBCr-V  s t a i n l e s s  s t e e l s  w ith  a 
co m b in ed  c a rb o n  and n i t r o g e n  l e v e l  o f  300 ppm, when th e  vanadium  
l e v e l  was d e c r e a s e d  from  3 t o  2% (T a b le  4 . 3 ) .
7 . SUMMARY
1 0 .1 .  T e n s i le  P r o p e r t i e s .  The a d d i t i o n  o f  up to  455 vanad ium  t o  an 
18% chrom ium  f e r r i t i c  s t a i n l e s s  s t e e l  c o n ta in i n g  a com bineo  c a rb o n  and 
n i t r o g e n  c o n te n t  i n  t h e  r a n g e  94 to  117 ppm had  a v a r i a b l e  e f f e c t  on 
th e  t e n s i l e  p r o p e r t i e s :  r e l a t i v e  t o  th e  18C r-lV  a l l o y ,  t h e  t e n s i l e
and u l t i m a t e  s t r e n g th  v a lu e s  w ere  g r e a t e r  i n  th e  4V a l lo y  b u t  lo w e r  in  
th e  2 .6V  a l l e y .  I n c r e a s in g  vanadium  g e n e r a l l y  d e c r e a s e d  th e  d u c t i l i t y  
o f  t h e  a l l o y s .
S t a b i l i z a t i o n  o f  t h e  18Cr-V a l lo y  w i th  0.1% t i t a n iu m  r e d u c e d  th e  
s t r e n g t h  and had  a  v a r i a b l e  e f f e c t  on th e  d u c t i l i t y .  N iobium  had  a  more 
b e n e f i c i a l  e f f e c t  th a n  t i t a n iu m .  The a d d i t i o n  o f  up  to  2% n i c k e l  t o  an  
18 C r-V -T i a l l o y  r a i s e d  th e  s t r e n g t h  and g e n e r a l l y  im proved  th e  d u c t i l i t y .  
The s e p a r a t e  a d d i t i o n  o f  from  1 t o  1.5% o f  s i l i c o n ,  c o p p er  and 
molybdenum  t o  an  18 C r-V -T i a l l o y  (w i th  1.5% n ic k e l  i n  th e  c a s e  o f  th e  
s i l i c o n  and c o p p e r  a l l o y s )  r a i s e d  th e  s t r e n g t h ,  p a r t i c u l a r l y  i n  th e  
c a s e  o f  s i l i c o n .
The e f f e c t  o f  a l l o y in g  on th e  t e n s i l e  p r o p e r t i e s  o f  an 18Cr s t a i n l e s s  
s t e e l  i s  i n t e r p r e t e d  l a r g e l y  i n  te rm s  o f  p r e c i p i t a t i o n  phenom ena; th e  
a l l o y s  a r e  a l l  s i n g l e  p h a s e  f e r r i t i c .
1 0 .2 .  T o u g h n es s . Vanadium was found  to  have  a v e ry  b e n e f i c i a l  
e f f e c t  on th e  im p a c t ( d u c t i l e - t o - b r i t t l e )  p r o p e r t i e s  o f  an 18% chromium 
s t a i n l e s s  s t e e l .  F u l l - s i z e  C harpy  V -n o tch  sp e c im en s  show ed a  t r a n s i t i o n  
te m p e r a tu r e  o f  85 .5 °C  f o r  a 1% vanadium  a d d i t i o n  (m ea su red  a t  100 
J o u l e s ) ,  com pared  to  7 0 .5  and 27 aC f o r  2 .6  and 4% vanadium  a d d i t i o n s  
r e s p e c t i v e l y .  S c a n n in g  e l e c t r o n  m ic ro sco p y  show s v e ry  f i n e  
p r e c i p i t a t e s  i n  a l l  th e  a l l o y s  and th e  r e s u l t s  p r o b a b ly  r e f l e c t  th e  
te n d e n c y  f o r  d e t r i m e n t a l  chrom ium  c a r b id e  p r e c i p i t a t e s  t o  form  a t  low  
vanad ium  l e v e l s , t h e r e b y  r e d u c in g  th e  to u g h n e s s  o f  th e  a l l o y ,  o r  to  some 
s o l i d - s o l u t i a n  s t r e n g th e n in g  e f f e c t  o f  vanad ium .
S t a b i l i z a t i o n  o f  th e  18Cr-V a l l o y  w ith  t i t a n iu m  had  th e  o p p o s i t e  e f f e c t  
i n  t h a t  th e  4V a l lo y  show ed th e  h ig h e r  t r a n s i t i o n  te m p e r a tu re  (92°C ) 
com pared  to  t h e  IV a l l o y  (4 6 .5 ° C ) . N iobium  o n ly  s l i g h t l y  r a i s e d  th e  
t r a n s i t i o n  te m p e r a tu re  in  th e  4V a l lo y  (3 2 .5 ° C ) . C o n s id e r a b ly  l a r g e r  
s i z e  p r e c i p i t a t e s  a r c  p r e s e n t  i n  th e  t i t a n i u m - s t a b i l i z e d  a l l o y s  (b u t
n o t  i n  th e  c a s e  o f  n io b iu m ) com pared  to  th e  u n s t a b i l i z e d  a l l o y s ,  and 
th e  r e s u l t s  can  b e  i n t e r p r e t e d  i n  te rm s  o f  t i t a n iu m  c a r b o n i t r i d e  p r e ­
c i p i t a t i o n  a s s o c i a t e d  w ith  an i n c r e a s in g  vanadium  c o n te n t .
R e g a rd in g  th e  e f f e c t  o f  o th e r  e le m e n ts  i n  an 18C r-V -T i a l l o y ,  n ic k e l  
was g e n e r a l l y  b e n e f i c i a l ,  a s  was c o p p e r . S i l i c o n  and molybdenum w ere  
s l i g h t l y  d e t r i m e n t a l .
1 0 .3 .  Pns s i v i t y .  The p a s s iv e  c h a r a c t e r i s t i c s  o f  th e  18XS chromium 
s t a i n l e s s  s t e e l  i n  IN H^SO^ was found  t o  b e  l i t t l e  im proved  by 
a l l o y i n g  w ith  v a n ad iu m . A lth o u g h  th e  c r i t i c a l  c u r r e n t  d e n s i ty  and 
p o t e n t i a l  f o r  p r im a ry  p a s s iv a t io n  w ere  lo w e re d , vanadium  r e d u c e d  th e  
b reakdow n p o t e n t i a l  due t o  i n c i p i e n t  b reakaw ay  o f  th e  t r a n s p a s s i v e  
p o t e n t i a l .
The m ost s i g n i f i c a n t  e f f e c t  o f  s t a b i l i z a t i o n  w ith  t i t a n iu m  was to  
r a i s e  t h e  breakdow n p o t e n t i a l  i n  t h e  18Cr-V a l l o y ,  th u s  e l im in a t in g  
e a r l y  breakaw ay  o f  th e  t r a n s p a s s i v e  r e g io n .  T ita n iu m  and vanadium  
a p p e a re d  to  com bine  s y n e r g i s t i c a l l y .  S t a b i l i z a t i o n  w ith  n io b iu m  o n ly  
s l i g h t l y  r a i s e d  th e  breakdow n p o t e n t i a l .
N ic k e l  had  a p a r t i c u l a r l y  b e n e f i c i a l  e f f e c t  on th e  p a s s iv e  c h a r a c t e r i s t i c s  
o f  t h e  18C r-V -T i a l l o y ,  th e  moot n o ta b le  e f f e c t s  b e : >g a lo w e rin g  o f  
t h e  c r i t i c a l  c u r r e n t  d e n s ic y  and  th e  minimum c u r r e n t  d e n s i ty  i n  th e  
p a s s iv e  r e g io n ,  and a b ro a d e n in g  o f  th e  p a s s iv e  p o t e n t i a l  r a n g e .
A dding 1% m olybdenum to  an 18C r-4V -T i a l l o y  c o n s id e r a b ly  im proved  th e  
p a s s iv e  c h a r a c t e r i s t i c s  and th e r e  was an i n d i c a t i o n  o f  a s y n e r g i s t i c  
e f f e c t  b e tw een  m olybdenum and v a nad ium . S i l i c o n  had  l i t t l e  e f f e c t  on 
th e  p a s s i v a t i o n  c h a r a c t e r i s t i c s ,  b u t  c o p p e r  was v e ry  b e n e f i c i a l  when 
c a th o d ic  a c t i v a t i o n  was n o t  p e rfo rm ed  p r i o r  t o  a n o d ic  p o l a r i z a t i o n .
The 1 8 C r-4 V -T i-1 .5 N i-lC u  a l l o y  show ed a  v e ry  low c r i t i c a l  c u r r e n t  
d e n s i t y  v a lu e .
1 0 .4 .  P i t t i n g .  P u b l is h e d  d a t a  on th e  e f f e c t  o f  vanadium  in  s t a i n l e s s  
s t e e l s  e m p h as ize  th e  b e n e f i c i a l  o f f  c t  o f  vanadium  in  r e d u c in g  p i t t i n g  
c o r r o s i o n .  W hile  vonad iu in , i n  t h i s  s tu d y ,  in c re a s e d  th e  p i t t i n g  
p o t e n t i a l  o f  th e  18% chromium a l l o y  i n  (I.IN  N aC l, i t  had a v a r i a b l e
t o  d e t r i m e n t a l  e f f e c t  i n  on a s se s s m e n t o f  p i t t i n g  i n  a F o C lj s o l u t i o n .
On b a la n c e ,  t h e r e f o r e ,  vanadium  m u st b e  r e g a rd e d  a s  v a r i a b l e  i n  i t s  
e f f e c t  on th e  p i t t i n g  r e s i s t a n c e  o f  l o w - i n t e r s t i t i a l  18% chromium 
s t a i n l e s s  s t e e l s .
S t a b i l i z a t i o n  w ith  t i t a n i u m  and n io b iu m  had  a  v a r i a b l e  e f f e c t  on th e  
p i t t i n g  p o t e n t i a l  and th e  w e ig h t l o s s  t e s t s  i n  F e C l y  H ow ever, i n  
b o th  t e s t s  t h e  1 8 C r-4 V -7 i a l l o y  show ed in c r e a s e d  r e s i s t a n c e  t o  p i t t i n g  
r e l a t i v e  t o  t h e  1 8 C r-IV -T i a l l o y .  The r e s u l t s  may in c .  c a te  a  
s y n e r g i s t i c  e f f e c t  b e tw ee n  vanadium  and t i t a n iu m .
R e g a rd in g  th e  e f f e c t  o f  o th e r  a l l o y in g  e le m e n ts ,  m olybdenum was v e ry  
b e n e f i c i a l  ( a s  e x p e c te d ) ,  a s  was s i l i c o n ,  w h ile  n i c k e l  and c o p p e r  had 
v a r i a b l e  e f f e c t s .  To su m m arize , t h e  m ost p r o m is in g  a l l o y  c o m b in a t io n s  
a s  r e g a r d s  p i t t i n g  w e re : 4V -T i-M o, 4V -T1-51 and 4V -T1.
1 0 .5 .  G e n e ra l  C o r r o s io n .  I n  an a s se s s m e n t o f  t h e  o v e r a l l  e f f e c t  o f  
a l l o y i n g  on c o r r o s io n  i n  c o n c e n t r a te d  HMOy 3% o x a l i c  a c id  and IN 
H ^S O ^,vanadium  a p p e a rs  t o  have  a  v a r i a b l e  e f f e c t  i n  t h e  18Cr-V s t a i n l e s s  
s t e e l s  (4% vanadium  w as p a r t i c u l a r l y  b e n e f i c i a l  i n  HNO^). S t a b i l i z a t i o n  
w i th  t i t a n iu m  was b e n e f i c i o l  i n  H.NO  ^ and  o x a l i c  a c i d ,  b u t  d e t r im e n ta l
i n  H^SO^. The m ost f a v o u r a b le  g e n e r a l  a l l o y  c o m b in a t io n  i n  te rm s  o f  r e ­
s i s t a n c e  t o  a l l  t h r e e  a c id s  w as C r - V - T i- N i,  w i th  t h e  a d d i t i o n  o f  c o p p er  
a n d  s i l i c o n ( a n d  m olybdenum ) im p ro v in g  c o r r o s io n  r e s i s t a n c e  ev en  f u r t h e r  
i n  s p e c i f i c  a c i d s .  O v e r a l l ,  t h e  b e a t  a l l o y  c o m p o s i t io n  was 
18C r-4V -T  i - 1 . 5 N i- lC u .
1 0 .6 .  I n t e r q r a n u l a r  C o r ro s io n  R e s i s t a n c e .  T e s t in g  o f  b o th  s e n s i t i z e d  
(1 1 5 0 °C ) and a n n e a le d  (850°C ) a l l o y s  showed t h a t  n e i t h e r  vanadium  n o r 
a n y  o f  t h e  o th e r  a l l o y in g  e le m e n ts  le a d  to  i n t e r g r a n u l a r  c o r r o s io n  in  
t h e  m o d if ie d  b t r a u s s  t e s t .  The e x p e r im e n ta l  a l l o y s  h av e  v e ry  low 
i n t e r s t i t i a l  e le m e n t l e v e lo  and t h i s  i s  th e  m ain r e a s o n  th e y  a re  
r e s i s t a n t  to  t h i s  fo rm  o f  c o r r o s io n .
1 0 .7 .  F u tu re  R e s e a r c h . The moot im p o r ta n t  r e s u l t  t o  come o u t  o f  t h i s  
s tu d y  h a s  be en  th e  e f f e c t  o f  vanadium  in  im p ro v in g  th e  to u g h n e s s  o f  
t h e  18% chrom ium  f e r r i t i n  o t a in lo n y  s t e n l .  The way i n  w hich  vanadium  
a c t s  t o  im prove  to u g h n e s s ,  h o w ev e r, re m a in s  u n a n sw e red , and f u tu r e  
r e s e a r c h  s h o u ld  c o n c e n t r a t e  f i r s t l y  on s o lv i n g  t h i s  p ro b lem  and th u s
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p r o v id in g  some q u a n t i t a t i v e  b a s i s  f o r  t h e  c h o ic e  o f  f u tu r e  a l lo y in g  
c o m b in a t io n s .
U n f o r tu n a te ly ,  th e  a l l o y  c o m b in a t io n s  show ing  th e  b e s t  to u g h n e s s ,  
4V>4V-Nb and IV -T i-N i h a v e  t h e i r  l i m i t a t i o n s  a s  r e g a rd s  c o r r o s io n  
r e s i s t a n c e .  S in c e  p o o r to u g h n e s s  i s  th e  m ain d raw back  to  th e  more 
g e n e r a l  use.- o f  f e r r i t i e  s t a i n l e s s  s t e e l s ,  F u tu re  r e s e a r c h  s h o u ld  
exam ine a l lo y in g  c o m b in a t io n s  From th e  p o in t  o f  v iew  o f  good c o r r o s io n  
r e s i s t a n c e  w h ile  a t  th e  same tim e  r e t a i n i n g  th e  im proved  to u g h n e s s  
c o n f e r r e d  by th e  vanadium  a d d i t i o n .  N ic k e l  and molybdenum w ere found  
t o  b e  th e  m ost F a v o u rab le  e le m e n ts  a s  r e g a r d s  c o r r o s io n  r e s i s t a n c e ,  and 
a l l o y in g  c o m b in a t io n s  t h a t  may show  p ro m ise  i n  18% chromium f e r r i t i e  
s t a i n l e s s  s t e e l s  from  th e  v ie w p o in ts  o f  to u g h n e s s  and  c o r r o s io n  
r e s i s t a n c e  a r e  V-Ni-Mo o r  V -N i-N b-M o. S t a b i l i z a t i o n  w ith  t i t a n iu m  w orks 
a g a in s t  an in c r e a s in g  vanad ium  c o n te n t  i n  im p ro v in g  to u g h n e s s ,  h u t  th e  
IV -T i-N i-M o c o m b in a t io n  may be a  p ro m is in g  l i n e  f o r  r e s e a r c h .  T h is  
s tu d y  h a s  shown some in d i c a t i o n  o f  a s y n e r g i s t i c  e f f e c t  be tw een  
vanadium  and t i t a n iu m  (an d  m olybdenum ) and f u tu r e  r e s e a r c h  s h o u ld  a im  
t o  c l a r i f y  t h i s  p o in t .
The p r e s e n t  s tu d y  h a s  exam ined  a l l o y s  w ith  a low  i n t e r s t i t i a l  e le m e n t 
l e v e l  v a ry in g  w ith in  f a i r l y  n a rro w  l i m i t s .  F u tu re  r e s e a r c h  s h o u ld  
t h e r e f o r e  c o n s id e r  th e  e f f e c t  o f  vanadium  a t  v a r io u s  i n t e r s t i t i a l  
l e v e l s .  Above g c o n c e n t r a t i o n  o f  3%,vanad ium  may a c t  a s  a  s t a b i l i z e r  
i n  th e  same way a s  t i t a n i u m  and n io b iu m  do i n  s m a ll  a m ounts.
One im p o r ta n t  a s p e c t  to  c o n s id e r  i s  t h e  e f f e c t  o f  th e  vanadium  and 
n i c k e l  c o m b in a t io n  on th e  s u s c e p t i b i l i t y  o f  F e r r i t i e  s t a i n l e s s  s t e e l  
t o  s t r e s s - c o r r o s i o n  c r o c k in g .  A p a r t i c u l a r  a d v a n ta g e  o f  t h e  p r e s e n t  
c o m m erc ia l ly  a v a i l a b l e  f e r r i t i e  s t a i n l e s s  s t e e l s  i s  t h e i r  r e s i s t a n c e  
to  s t r e s s - c o r r o s i o n  c r a c k in g ,  and f u tu r e  v a n a d iu m -b e a r in g  d e r iv a t iv e s  
o f  thuiw) a l l o y s  s h o u ld  t h e r e f o r e  a l s o  r e t a i n  t h i s  p r o p e r ty .  The 
n e c e s s i t y  to  r e t a i n  r e s i s t a n c e  t o  c ra c k in g  may l i m i t  th e  f u l l  a d v an ta g e  
t o  b e  g a in e d  from  th e  n i c k e l  a d d i t i o n .
P r e c i p i t a t e s  (an d  s o l i d - s o h s t i o n  e f f e c t s  i n  Home c o s e s )  p la y  a m ajor 
r o l e  i n  d e te rm in in g  th e  m e c h a n ic a l and  c o r r o s io n  p r o p e r t i e s  o f  s t a i n l e s s  
s t e e l s ,  H  i #  e s s e n t i a l  t h e r e f o r e  t h a t  d e t a i l e d  o p t i c a l  and sc a n n in g
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tr a n s m is s io n  e l e c t r o n  m ic ro sc o p y  b e  c a r r i e u  o u t  i n  c o n ju n c t io n  w ith  
th e  r e s e a r c h  s u g g e s te d  a b o v e . L ack o f  su c h  d a ta  i s  one o f  th e  
l i m i t a t i o n s  on c o n c lu s i o n s  t h a t  h a v e  be en  draw n i n  t h e  p r e s e n t  t h e s i s .
8 . ACKNOWLEDGEMENTS
The a u th o r  w is h e s  to  acknow ledge  ' i n a n c i a l  s u p p o r t  from  
th e  C o u n c il  f o r  S c i e n t i f i c  and I n d u s t r i a l  R e se a rch  
( C o - o p e r a t iv e  S c i e n t i f i c  Program m es) and th e  U n iv e r s i ty  
o f  t h e  W itw a te r s ra n d . The t h e s i s  was c a r r i e d  o u t  u n d e r  
t h e  s u p e r v i s io n  o f  P r o f e s s o r  F .P .A . R o b in so n , and 
Mrs M. M a rle r  d id  th e  ty p in g .
*1 43,
9 . RFFLKCiCCS
ABO, H ., NAKAZAWA, S . ,  TAKAMURA, S . ,  ONOYAMA, M ., OfAWA, H and  OKADA, H.
The r a l e  o f  c a rb o n  and  n i t r o g e n  on th e  to u g h n e s s  and i n t e r -  
g r a n u la r  c o r r o s io n  o f  f e r r i t i c  s t a i n l e s s  s t e e l s .  I n  " S ta in l e s s  
S t e e l  '7 7 " ,  C lim ax  Molydenum Sym posium, London, 1977 , p . 35 .
AGARWALA. V .S . and  BIEFER, G .J .  C o r ro s io n  o f  Type 430 s t a i n l e s s  s t e e l : 
e f f e c t s  o f  Mo-Pd and o th e r  a d d i t i o n  p a i r s .  C o r r o s io n ,
V o l .28 , p . 65 (1 9 7 2 ) .
ARGENT, B .B .,  VAN NIEKERK, M.N. H REDFFRN, G.A. C reep  o f  f e r r i f . ' c  
s t e e l s .  J . I . S . I . ,  V o l .408, p . 830 (1 9 7 0 ).
ARNE5S, W.B. R u s t le s s  i r o n .  U .S . P a te n t  No. 2310341 , F e b ru a ry  9 , 1943.
ASLUND, C . P r o p e r t i e s  and  a p p l i c a t i o n s  o f  low  i n t e r s t i t i a l  18 and
25% Cr-Mo f e r r i t i c  s t a i n l e s s  s t e e l s .  I n  " S t a i n l e s s  S t e e l  '7 7 " ,  
C lim ax  M olybdenum Sym posium, L ondon , 1 977 , p . 173.
8AERLECKEN, E . , FISCHER, W.A. and  LORENZ, K. S tu d ie s  o f  t r a n s f o r m a t io n  
b e h a v io u r ,  t h e  n o tc h  im p a c t to u g h n e s s  and th e  te n d e n c y  to w a rd  
i n t e r c r y s t a l l i n e  c o r r o s io n  in  iro n -ch ro m iu m  a l l o y s ,  w ith  
chromium c o n te n t s  up t o  30%. S t a h l  und  E is e n ,  V o l .81 , p . 768 
(1 9 6 1 ).
BERAHA, E . New m e ta l lo g r a p h ic  r e a g e n ts  f o r  s t a i n l e s s  s t e e l  and h e a t -  
r e s i s t i n g  a l l o y s .  J . I . S . I . ,  V o l .204 , p . 248 (1 9 6 6 ).
BIEBER, C.G . H igh-chrom ium  s t e e l  r e s i s t a n t  t o  p i t t i n g  and  c r e v i c e  
c o r r o s io n .  U .S . P a t e n t  No. 3B9594Q, J u ly  2 2 , 1975 .
B IE iT R, G .J .  E f f e c t s  o f  a l l o y in g  on p o l a r i z a t i o n  and c o r r o s io n  o f  
Type 430 s t a i n l e s s  s t e e l .  C anad ian  M et. Q u a r t . ,  V o l .9 , 
p . 537 (1 9 7 0 ) .
BHDER, W.Q. and SPENDE10W, H .R . The i n f lu e n c e  o f  chromium on th e
m e c h a n ic a l p r o p e r t i e s  o f  p l a in  chrom ium  s t e e l s .  T r a n s . ASM,
V ol. 43 , p . 759 (1 9 5 1 ) .
BINDER, K.Q. " C o r ro s io n  o f  M e ta l s " .  A m erican  S o c . M e ta ls ,  1965 , p . 56.
BOND, A .P . and  DUNDAS, H .J .  E f f e c t s  o f  c o m p o s itio n  on th e  s t r e s s -
c o r r o s io n  c ro c k in g  o f  f e r r i t i c  s t a i n l e s s  s t e e l s .  C o r r o s io n , 
v a . 2 4 ,  p . 344 (1 9 6 8 ) .
BOND, A .P. and LIZL0V5, E .A . I n t e r g r a n u lo r  c o r r o s io n  o f  f e r r i t i c  
s t a i n l e s s  s t e e l s .  J .  E le c tro c h e m . S o c . ,  V ol. 116 , p .  1305 
(1 9 6 9 ).
BOND, A .P . E f f e c t s  o f  m olybdenum on th e  p i t t i n g  p o t e n t i a l s  o f  f e r r i t i c  
s t a i n l e s s  s t e e l s  a t  v a r io u s  te m p e r a tu re s .  J .  E le c tro c h e m .
S o c . ,  V o l .1 2 0 , p . 603 (1 9 7 3 ).
BOND, A .P . and  DILNOAS, H .J .  (1973 ) U n p u b lish e d  d a t a .  C lim ax Molybdenum 
C o .,  R e p o tte d  i n  S te ig D n v a ld  e t  a l .  (1 9 7 7 ) .
BOND, A .P . ,  DUNDAS, H .J .  LIZLOVS, E .A .,  GEMICl, E .A . and  SOLLY, 8 .
C o r r o s io n  r e s i s t a n c e  and  m e c h a n ic a l p r o p e r t i e s  o f  n i c k e l - b e a r in g  
f e r r i t i c  s t a i n l e s s  s t e e l s .  W e rk s to f fe  und K o r r . ,  V o l .28 , 
p . 536  (1 9 7 7 ).
BORGGREEN, K. and  THOLEN, A.R. C reep  m echan ism s i n  a vanadium  a l lo y e d
a u s t e n i t i c  s t a i n l e s s  s t e e l .  M et. T r a n s . ,  V o l. 7A, p . 1615 (1 9 7 6 ) .
BRANDIS, H . ,  KIESHEYCR, H .,  KUPPERS, W. and OPPENHEIM, R. Dew T e c h n isc h e  
B e r i c h t e ,  V o l .2 , p . 3  (1 9 7 6 ) .  R e p o r te d  i n  S t e ig e r w a ld  e t  a l .
( 1 9 7 7 ) .
BRIGHAM, R . J .  and  TOZER, E.W. E f f e c t  o f  a l l o y i n g  a d d i t i o n s  on th e  
p i t t i n g  r e s i s t a n c e  o f  18% Cr a u s t e n i t i c  s t a i n l e s s  s t e e l .  
C o r r o s io n ,  V o l .3 0 , p . 161 (2 9 7 4 ).
CHERNOVA, G.D. and fOMASHOV, N .D . C o r r o s . M et. A l lo y s ,  N o.5 , p . l  (1 9 6 5 ). 
R e p o r te d  i n  Snape (1 9 7 7 ).
CICADA, A .,  SINIGAGIIA, C and 30RILE, F . C o n t r ib u t io n  t o  th e
i n t e r p r e t a t i o n  o f  c u r r e n t  maxima in  t h e  p a s s i v i t y  r a n g e  o f
a u s t e n i t i c  s t a i n l e s s  s t e e l s .  C o r r o s io n ,  V o l .3 4 , p . 407 (1 9 7 8 ).
COOKE, C .H . ( 1 9 5 0 ) . R e p o r te d  i n  E .O . H a l l  and S .H . A lg ie ,  The sigm a
p h a s e ,  M et. R ev iew s , V o - . l l ,  p . 61 (1 9 6 6 ) .
C0P50N, H .R. In  " P h y s i c a l  M e ta l lu rg y  o f  S t r e s s - C o r r o s io n  F r a c tu r e " ,  
R h o d in , T .N . ( E d i to r ) ,  I n t e r s c i e n c e ,  1959 .
DA CUNHA BELO, M ., RONOOT, B . , PONS, F . ,  LE HERICY, J .  and LANGERON, J .P .  
S tu d y  by A uger s p e c tr o m e tr y  and c a th o d ic  r e d u c t io n  o f  p a s s iv e  
f i lm s  form ed an f o r r i t i c  s t a i n l e s s  s t e r l s .  J .  E le c tro c h e m .
S o c . ,  V o l .124 , p . 1317 (1 9 7 7 ).
DAVIS, J . E . ,  DEVERCLL, H .E . and NICHOL, T .J .  I n t e r g r a n u l a r  c o r r o s jo n  
r e s i s t a n c e  o f  a  26Cr-lM o f e r r i t i c  s t a i n l e s s  s t e e l  c o n ta in in g  
n io b iu m . C o r r o s io n , V o l .36 , p . 215 ( 1 9 8 0 ) .
D E F IL IP P t, J .D .  and  RATZ, G.A. V a n a d iu m - s ta b i l iz e d  m a r t e n s i t i c
s t a i n l e s s  s t e e l .  U .S . P a te n t  No. 3933479 , J a n u a ry  2 0 , 1976 .
DELNICK, F .M . and  HACKERMAN, N. P a s s iv e  i r o n :  a  s e m i-c o n d u c to r  m odel
f o r  t h e  o x id o  f i lm .  J .  E lecL ruehem . S o c . ,  V o l .126 , p . 732 
(1 9 7 9 )
DEMO, J . J .  W eldab lo  and  c o r r o s io n - r e u io l a n i .  f o r r i t i c  s t a i n l e s s  s t e e l .
M et. T r n n s . , V o l .5 , p . 2253 (1 9 7 4 ) .
D^MQ, J . J .  and BOND, A .P . I n t e r g r a n u l a r  c o r r o s io n  and  e m b r i t t t l e r o s n t  o f  
f e r r i t i c  s t a i n l e s s  s t e e l s .  C o r r o s io n ,  V o l .3 1 , p . 21 (1 9 7 5 ) .
DEMO, J . J .  S t r u c t u r e  and  c o n s t i t u t i o n  o f  w rough t f e r r i t i c  s t a i n l e s s  
s t e e l s .  I n  "H andbook o f  S t a i n l e s s  S t e e l s " ,  D. P e c k n er  and  
I .M . B e r n s te in  ( E d i t o r s ) ,  M cG raw -H ill, 1977 , p . 5 -1 .
DESESTRET, A. and WAGNER, G .H . E r w e i t e r t e  D is k u s s io n s  -  bem erkungen
zum E in f lu s s  von S i l ic u m  und Molybd'an a o f  d i e  S / ra n n u n g s r is s -  
k o r r o s io n s  e r a p f i n d l i c h k e i t  a u s t e i n t s c h e r  und a u s t e n o f e r r i t i s o h e r  
C h ro m -N ic k e l-S ta h le .  h 'e rk . und  K o rr . ,  V ol.Z U , p . 300 (1 9 6 9 ) .
D1JKSTRA, L . J .  and  SLADEK, R . J .  E f f e c t  o f  a l l o y in g  e le m e n ts  on th e  
b e h a v io u r  o f  n i t r o g e n  i n  a lp h a  i r o n .  Trans-A IM E, V o l. 197 , 
p . 69 (1 9 5 3 ).
DUNDAS, H .3 . U n p u b lish e d  d a t a ,  C lim ax  Molybdenum C o .. R e p o r te d  i n  
S t e ig c r w a ld  e t  <il. ( 1 9 7 7 ) , p . 59 .
FLOREEN, 5 . and  HAYDEN, B.W. The in f lu e n c e  o f  a u s t e n i t e  and f e r r i t e  on 
th e  m e c h a n ic a l p r o p e r t i e s  o f  tw o -p h a se  s t a i n l e s s  s t e e l s  h a v in g  
ro ic ro d u p le x  s t r u c t u r e s .  T r a n s .  ASM, V o l.6 1 , p . 489 (1 9 6 8 ) .
FlORtEN, S. "Chromium S u b s t i t u t i o n  i n  S t a i n l e s s  S t e e l s . "  R e p o r t No.
Bu M ines OFR 1 1 0 -8 1 , B u re au  o f  M ines. ’. '.S .  D e p t , o f  I n t e r i o r ,
FRANCE, W.D. and GREENE, N .D . I n t e r p r e t a t i o n  ol p a s s iv e  c u r r e n t  maxima 
d u r in g  p o l a r i z a t i o n  o f  s t a i n l e s s  s t e e l s .  C o r r o s io n , V o l .24 , 
p . 403 (1 9 6 8 ) .
FRANKENTHAL, R .P . On th e  p a s s i v i t y  o f  iro n -ch ro m iu m  a l l o y s .  P a r t  I I I  -  
E f f e c t  o f  p o t e n t i a l .  J .  C le c tro c h e m . S o c . , V o l .1 1 6 , p . 1646 
(1 9 6 9 ).
GATES, J .D . and  JASO, R .A . 11 Breakdow n o f  S t a b i l i z a t i o n  i n  Type 444
F e r r i t i c  S t a i n l e s s  S t o o l"  P r o c e e d in g s , 3 5 th  A nnual C o n fe re n c e  
o f  th e  A u s t r a l a s i a n  I n s t i t u t e  o f  M e ta ls ,  Sydney , p . 82 (1 9 8 2 ) .
GREENE, N .D . P r e d i c t i n g  th e  b e h a v io u r  o f  c o r r o s io n  r e s i s t a n t  a l l o y s  by 
p o t e n t i o s t a t i c  p o l a r i z a t i o n  m e th o d s. C o r r o s io n ,  V o l .18 , 
p . l 3 6 t  (1 9 6 2 ).
GROBNER, P . J .  The 885nF (475°C  )o m b ritL le n ien t o f  f e r r i t i c  s t a i n l e s s  
s t e e l s .  M et. T r a n s . ,  V o l .4 ,  p . 251 (1 9 7 3 ).
GRUBB, J . F .  and  WRIGHT, R .N . The r o l e  o f  C and N in  t h e  b r i t t l e
f r a c t u r e  o f  F e -2 6 C r. M ot. T r a n s . A. V o l. 10A, p . 1247  (1 9 7 9 ),
HANNINEN, H .E . I n f lu e n c e  o f  m e t a l l u r g i c a l  v a r i a b l e s  on e n v iro n m e n t-  
s e n s i t i v e  c ra c k in g  o f  a u s t o n i t i c  a l l o y s .  I n t .  M e ta ls  R e v .,
V o l .24 , p . 85 (1 9 7 9 ).
HEGER, J . J .  885°F  e m b r i t t l e m e n t  o f  f e r r i t i c  c h ro m iu m -iro n  a l l o y s .
M e ta l P r o g r e s s ,  V o l .6 0 , p . 55 (1 9 5 1 ) .
HORVATH, J .  and UHLIG, H.H. C r i t i c a l  p o t e n t i a l s  f o r  p i t t i n g  c o r r o s io n  
o f  N i , C r -N i , C r -F e , and r e l a t e d  s t a i n l e s s  s t e e l s .  J .  
E le c t r o c h e m .S o c . , V o l .115 , p . "791 (1 9 6 8 ) .
HOUDREMONT, E . and TOFAUTE, W. K o r n z e r f a l l s - L e s k a n d i g k e i t  n i c h t r o s t e n d e r  
f e r r i t i s c h e r  und m a r t e n s i t i s c n e r  C h ro m s ta h le . S t a h l  u  E is e n ,
V o l.  7 2 , p . 539 (1 9 5 2 ) .
I .
IRA N I, J . J .  and  WEINER, R .T . A ging b e h a v io u r  o f  an  a u s fc e n it.ic  s t e e l  
c o n ta in i n g  vanadium  J . I . S . I . ,  V o l .20 3 , p . 913 (1 9 6 5 ).
IRVINE, K .J .  LLEWELLYN, D .T . and  PICKERING, F .B . H ig h - s t r e n g th
a u s t e n i t i c  s t a i n l e s s  s t e e l .  3 . I . 5 . I . ,  V o l .19 9 , p . 153 (1 9 6 1 ).
KIESLING, R. A new f e r r i t i c - a u s t e n i t i c  s t a i n l e s s  s t e e l  f o r  co m b atin g  
s t r e s s - c o r r n s i o n  c r a c k in g .  S c a n d . J .  M e ta l lu rg y ,  V o l . l ,  
p . 185 (1 9 7 2 ) .
KOUTANIEMI, P . ,  HEIKKINEN, V. and SAARINEN, A. E f f e c t  o f  vanad ium  on 
475°C e m b r i t t le m e n t  o f  a chromium s t e e l .  M e ta l S c i . ,  V o l .8 ,  
p . 94 (1 9 7 4 ) .
KRIVOBOK, V .N . A llo y s  o f  i r o n  and  chrom ium . T r a n s .  ASM, V o l .23 , 
p . l  (1 9 3 5 ) .
KRUPP, F , A .G . B r i t i s h  P a t e n t  2137349 ,27  O c to b e r ,  1 930 . The d a te  o f  
t h e  c o r r e s p o n d in g  and o r i g i n a l  German P a t e n t  i s  26 3 u n e , 1929 .
L.
LANCER, N .A ., YAGUPLSKAYA, L .N . ,  KAKHUVSKII, N . I . ,  YUSHCHENKO, K .A .,
FARTUSHNYI, V.G. a n d  CHALYUK, G . I .  C o r ro s io n  r e s i s t a n c e  o f  s t e e l s
w i th  a  low c o n c e n t r a t i o n  o f  n i c k e l  i n  a g g r e s s iv e  m e d ia . M eta l 
S c i .  H ea t T re a tm e n t ,  p . 121 (1 9 6 6 ).
LENA, A .J .  Sigma p h a se  -  a  r e v ie w . M e ta l P r o g r e s s ,  V o l .6 6 , p . 86 
(1 9 5 4 ) .
LENA, A . J . , LULA, R .A . and KIEFER, G .C . D is c u s s io n  on p a p e r  by N ehcenberg  
and  L i l l y s  (1 9 5 4 ) .  T r a n s . ASM, V o l.4 6 , p . 1203 (1 9 5 4 ) .
LENNARTZ, G. and  KIESHEYR, H. K o rro n io n  V o rh n ite n  van  h o c h c h ro m h a l tig e n , 
f e r r i t i e e h n n  S t a h l e n .  DEW T echnm cho  B e r i q t e ,  V o l .11 , p . 230 
(1971).
L1Z10VS, E .A . E f f e c t s  o f  Mo, Cu, S i find P on a n o d ic  b e h a v io u r  o f  17Cr 
s t e e l s .  C o r r o s io n ,  V o l .22 , p . 297 (1 9 6 6 ).
LZILOVS, E .A . and  BOND, A .P . A nodic  p o l a r i z a t i o n  o f  some f e r r i t i c  
s t a i n l e s s  o t e e l s  i n  c h lo r i d e  m e d ia . J .  E le c tro o h c m . S e e . ,
V o l .116 , p . 574 (1 9 5 9 ) .
LIZLOVS, E .A . and  BOND, A .P . A nodic  p o l a r i z a t i o n  o f  25?» chromium 
f e r r i t i c  s t a i n l e s s  s t e e l s .  J .  E le c tro c h e m . S o c . ,  V o l .115, 
p . 22 (1 9 7 1 ) .
LIZLOVS, E .A . The e f f e c t  o f  Q85F (475C ) em brittlem i= ".c  j n  r e s i s t a n c e  Lu 
p i t t i n g  c o r r o s io n  o f  18Cr-2Mo s t a i n l e s s  u e e ’ m o d if ie d  w it(i 
Mn, Co, N i,  A l, V and S i  a d d i t i o n s , I n t e r n a l  R e p o r t ,  C lim ax 
M olybdenum R e se a rch  L a b .,  Ann A rb o r , M ic h jja n ,  U .S .A . (1 9 7 4 ).
LIZLOVS, E .A . and  BOND, A .P . The e f f e c t  o f  lo w - '.e m p e ra tu re  a g e in g  on 
c o r r o s io n  r e s i s t a n c e  o f  18Cr-2Mo t i t a n iu m  s t a b i l i z e d  f e r r i t i c  
s t a i n l e s s  s t e e l .  J .  E le c tro c h e m . S o c . ,  V o l. 1 2 2 , p . 589 (1 9 7 5 ) .
LIZLOVS, E .A . and  BOND, A .P . A nodic  p o l a r i z a t i o n  b e h a v io u r  o f  h ig h -  
p u r i t y  13 and  18% Cr s t a i n l e s s  s t e e l s .  J .E le c t r o c h e m . S o c . ,  
V o l. 1 2 2 , p . 719 (1 9 7 5 ).
LULA, R .A .,  LENA, A .3 . and  KIEFER, G .C . I n t e r g r a n u l a r  c o r r o s io n  o f
f e r r i t i c  s t a i n l e s s  s t e e l s .  T r a n s . ASM, V o l.4 6 , p . 197 (1 9 5 4 ).
LUMSDEN, J .B .  and  STAEHLE, R.W. A p p l ic a t i o n  o f  A uger e l e c t i o n  s p e c t r o ­
s c o p y  t o  t h e  d e te r m in a t io n  o f  th e  c o m p o s i t io n  o f  p a s s iv e  f i lm s  
on ty p e  3 I6 S S . S c r i p t a  M e ta l lu r g i e s ,  V o l .6 , p .1 2 0 s  (1 9 7 2 ).
MAN, H.C. and GABE, D .R. The d e te r m in a t io n  o f  p i t t i n g  p o t e n t i a l s .
C o r r .  S c ie n c e ,  V o l .21 , p . 323 (1 9 8 1 ).
MARTENS, M. and  OUWEZ, P . P hase  r e l a t i o n s h i p s  i n  t h e  iro n -ch ro m iu m - 
v anadium  s y i t e m .  T ra n s . ASM, V o l .4 4 , p . 484 (1 9 5 2 ).
MATSUSHIMA, S . end  ISHIHARA, T. E f f e c t  o f  im p u r i t i e s  on s t r e s s -
c o r r o s io n  c ra c k in g  o f  18Cr f e r r i t i c  s t a i n l e s s  s t e e l .  T ra n s . 
N a t . I n s t .  M e ta ls ,  J a p a n , V o l .1 7 , p . 14  (1 9 7 5 ).
McQUEER, J . I .  The e f f e c t  o f  molybdenum and o th e r  a l l o y in g  e le m e n ts  on 
th e  p i t t i n g  c o r r o s io n  r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s :  a
l i t e r a t u r e  s u r v e y .  N a t io n a l  P h y s ic a l  R e s. L ab . R e p o r t ,  FIS 
N o .195 , CSIR, P r e t o r i a ,  1979 .
MEDIRATTA, S .R . and  RAMASWAMY, V. P h y s ic a l  m e ta l lu r g y  o f  f e r r i t i c
s t a i n l e s s  s t e e l .  T ool and A llo y  S t e e l s  A n n u a l, p . 451 (1 9 7 6 ).
MIMA, G .,  YAMAGUCHI, M. and  TAKAHASHI, J .  T r a n s . Ja p an  I n s t .  M e ta ls ,
V o l .9 , p . 407 (2 9 6 8 ) . R e fe re n c e  from  K o u tan iem i e t  a l .  (1 9 7 4 ).
MOODY, J .R .  The c o rr o y io n  o f  v a n a d iu m -c o n ta in in g  s t a i n l e s s  s t e e l s :  a
l i t e r a t u r e  n u rv c y . U n p u b lish e d  r e p o r t ,  V anadium I n t e r n a t io n a l  
T e c h n ic a l C om m ittee , London, 1979.
MOSKOWITZ, A . ,  SALT7MAN, G.A. PINNOW, K .E . and  REOHERSKI, t . S .
I n f l u e n c e  o f  r e s i d u a l  and  m inor e le m e n ts  on th e  p i t t i n g  and 
a tm o s p h e r ic  c o r r o s io n  r e s i s t a n c e  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  
In  " E f f e c t s  o f  R e s id u a l  E le m en ts  on P r o p e r t i e s  o f  S t a i n l e s s  
S t e e l s " .  ASTM, STP 418 , A m .S o c .T e s tin g  Mnt.-*., 1967 , p . 3 .
148 .
NEHRENBERG, A .E . and  LILLVS, P . H igh te m p e r a tu re  t r a n s f o r m a t io n s  in  
f e r r i b i c  s t a i n l e s s  s t e e l s  c o n ta in i n g  17 to  25% chrom ium .
T r a n s .  ASM, V o l .4 6 , p . 1177 (1 9 5 4 ) .
NEWELL, H .D . P r o p e r t i e s  and  c h a r a c t e r i s t i c s  o f  27% c h ro m iu m -iro n .
M e ta l P r o g r e s s ,  V o l .4 9 , p . 977 (1946).
NUNES, J .  I n f l u e n c e  o f  t e s t  te m p e r a tu re  and s o lu t e  a d d i t i o n s  on t e n s i l e  
p r o p e r t i e s  o f  o t - i r o n .  V o l .204 , p . 371 ( 1 9 6 6 ) ,
NOVAK, C .J .  S t r u c t u r e  and c o n s t i t u t i o n  o f  w ro u g h t a u s t e n i t i c  s t a i n l e s s  
s t e e l s .  I n  "H andbook o f  S t a i n l e s s  S t e e l s " ,  D. P e c k n e r  and 
l.M . B e r n s te i n  ( E d i t o r s ) ,  M cG raw -H ill, 1977 , p . 4 - 1 .
ODESKII, D .A .,  V0ZDVIZHENSKI1, V .M ., POSTNOVA, A .D . and LIVANOVA, R .P . 
E f f e c t  o f  vanadium  on th e  d u c t i l i t y  o f  n i c k e l - f r e e  f e r r i t i c  
s t a i n l e s s  s t e e l .  M et. S c i .  H ea t T re a tm e n t ,  V o l .2 0 , p . 409  (1 9 7 8 ) .
OKADft, H .,  H 0S0I, Y . and  OGAWA, H. J .  I ro n  and  S t e e l  I n s t .  ( J a p a n ) ,
V o l .5 9 , p . 5155 ( 1 9 7 3 ) . R e p o r te d  i n  S te ig e r w a ld  e t  a l .  (1 9 7 7 ) .
OSOZAWA, K . , 0KAT0, N . , FUKASE, Y. and  Y0K0TA, K. E f f e c t s  o f  a l l o y in g  
e le m e n ts  on th e  p i t t i n g  c o r r o s io n  o f  s t a i n l e s s  s t e e l .  I n t .  
C o r ro s io n  C o n f . S e r . ,  NACE, p . 2 7 0 ,(1 9 7 6 ) .
PAYER, 3 .H . and  S7AEHLE. R.W. The d i s s o l u t i o n  b e h a v io u r  o f  C r» ,C . and 
TiC r e l a t e d  t o  th e  s t a i n l e s s  s t e e l s  i n  w hich th e y  o c c u r .  
C o r r o s io n ,  V o l .31 , p . 30 (1 9 7 5 ) .
PLUMTREE, A. and  GULL8ERG, R . The in f lu e n c e  o f  i n t e r s t i t i a l  c o n te n t  on 
th e  d u c t i l e - b r i t t l e  t r a n s i t i o n  te m p e r a tu re  o f  F e -2 5 C r f e r r i t i c  
s t a i n l e s s  s t e e l s .  J .  T e s t in g  and  E v a l u a t io n ,  ASTM, V o l .2 , 
p . 331 (1 9 7 4 ).
POLLARD, B. E f f e c t  o f  t i t a n iu m  on th e  d u c t i l i t y  o f  26% chrom ium , low  
i n t e r s t i t i a l  f e r r i t i c  s t a i n l e s s  s t e e l .  M e ta ls  T e c h . ,  V o l . l ,  
p . 31 (1 9 7 4 ) .
P0ULS0N, 8 . S . and  PARKINS, R .N . E f f e c t  o f  Ml a d d i t i o n s  upon th e  s t r e s s  
c o r r o s io n  o f  f e r r i b i c  s t e e l s  in  «i c h lo r i d e  e n v iro n m e n t.
C o r r o s io n ,  V o l .2 9 , p . 414  (1 9 7 3 ) .
P0UR0AIX, M. " A t lu s  o f  E le c t r o c h e m ic a l  E q u i l i b r i a  in  A queous S o l u t io n s " .  
Pergnm on P r e s s ,  19(56.
RIEDRICH, G a n d  KOCH, G. e f f e c t s  o f  vnnndtum  on i n t c r c r y i i t a l l i n e  
c o r r o s io n  o f  a u u to n iL a e  c liroM ium -n icko l nteL’I s .  S t a h l  und 
E is e n ,  V o l .5 5 , p . 30 (1 9 4 0 ) .
ROCKEL, M.B. I n t e r p r e t a t i o n  oF th e  se co n d  a n o d ic  c u r r e n t  maximum on
p o l a r i z a t i o n  c u rv e s  o f  s e n s i t i z e d  chromium s t e e l s  i n  IN H »S0 .. 
C o r r o s io n ,  V o l .2 7 , p . 95 (1 9 7 1 ) .  *
ROSTOKER, W. "The M e ta l lu rg y  o f  V anadium ". W iley  and S o n s , 1 958 , p . 90 .
SAGE, A.M. E f f e c t  o f  van ad iu m , n i t r o g e n  and a lum in ium  on th e  m e ch a n ica l 
p r o p e r t i e s  o f  r e i n f o r c i n g  b a r  s t e e l s .  M e ta ls  T e c h . ,  V o l .3 , 
p . 65 (1 9 7 6 ) .
SANDOMIRSKII, M.M. E f f e c t  o f  c o p p er  on th e  m e c h a n ic a l p r o p e r t i e s  o f
s t e e l s  o f  d i f f e r e n t  c l a s s e s .  M eta l S c i .  H ea t T re a tm e n t ,  V o l .20 , 
p . 414 (1 9 7 8 ) .
SAWMILL, J.M . and  BOND, A .P . D u c t i l i t y  and  to u g h n e s s  o f  s t a i n l e s s  s t e e l  
Y ie ld s . W eld ing  J .  (R e s . S u p p le m e n t) , V o l .5 5 , p .  3l a  (1 9 7 6 ) .
SCHICK, K .L . "T herm odynam ics o f  C e r ta in  R e f ra c to r y  Com pounds".
A cadem ic P r e s s ,  New Y ork , 1966 .
SCHMIDT, W. and  JARIEBORG, 0- " F e r r i t i c  S t a i n l e s s  S t e e l s  w ith  17% C r ."
A C lim ax  Molybdenum Co. p u b l i c a t i o n ,  1974 .
SCURR, W.D. V anadium a d d i t i o n s  t o  3CR12 ty p e  s t e e l s .  U n p u b lish e d
memo t o  m a n ag e r, M e ta l lu r g i c a l  S e r v ic e s ,  M id d e lb u rg  S t e e l  and 
A l lo y s ,  S ep tem b er 2 1 , 1978.
SEMCHYSHEN, M .A ., BOND, A .P . and  DUNDAS, H .J .  E f f e c t s  o f  c o m p o s itio n  
on d u c t i l i t y  and to u g h n e s s  o f  f e r r i t i c  s t a i n l e s s  s t e e l .  In  
"Symposium Toward Im proved  D u c t i l i t y  and T o u g h n es s" , C lim ax 
M olybdenum Sym posium , K yo to , J a p a n , 1971 , p . 239.
SHATYNSKI, S .R . The th e rm o c h e m is try  o f  t r a n s i t i o n  m e ta l  c a r b id e s .  
O x id a t io n  o f  M e ta l s ,  V o l .1 3 , p . 105 (1 9 7 9 ).
SHAW, S.W .K. and QUARRELL, A .G . The fo rm a tio n  o f  c a r b id e s  in  low -  c a rb o n  
chrom ium  -  vanadium  s t e e l s  a t  700°C J . I . 5 . I . ,  V o l. 18 5 , p . 10 
(1 9 5 7 ) .
SHINODA, T . ,  I S H II ,  T . ,  TANAKA, R . ,  MIMIN0, T . ,  KINOSHITA, K and
M1NEGISHI, I .  E f f e c t s  o f  some c a r b id e  s t a b i l i z i n g  e le m e n ts  on c re e p  -  
r u p tu r e  s t r e n g t h  and  m i c r o - s t r u c t u r a l  c h a n g e s  o f  18-10 
a u s t e n i t i c  s t e e l .  V o l .4 ,  M et. T r a n s . ,  p . 1213 (1 9 7 3 ).
SH0RTSLEEVE, F . J .  end NICHOLSON, M.E. T ra n s fo rm a tio n  in  f e r r i t i c  
chrom ium  s t e e l s  b e tw ee n  1100 and 15 0 0 °r (595  and 815°C ).
T r a n s .  ABM V o l.4 $ , p . 142 (1 9 5 1 ).
SILC0CK, J.M . P r e c i p i t a t i o n  in  a u s t e n i t i c  s t e e l s  c o n ta in i n g  vanadium . 
J . I . S . I .  , V o l .211 , p . 792 (1 9 7 3 ).
5 IP 0 S , D . J . ,  STCIGLRWALD, R .F . and WMTTC0MB, N .C. D u c t i le  c o r r o s io n -  
r e s i s t a n t  f e r r o u s  a l l o y s  c o n ta in in g  chrom ium . U .S . P a te n t  
N o. 3672876 , Ju n o  2 7 , 1972 .
SNAPE, E . E f f e c t  o f  n i c k e l  on th e  s t r u c t u r e  and p r o p e r t i e s  o f  w rought 
and  c a s t  s t a i n l e s s  s t e e l s .  I n  "H andbook o f  S t a i n l e s s  S t e e l s " ,  
M cG raw -H ill, P e n k n e r, D. and B e r n s t e i n ,  I .M . , E d i t o r s ,  1977.
5TOGERWALD, R .F . New molybdenum s t a i n l e s s  s t e e l s  f o r  c o r r o s io n  
r e s i s t a n c e :  a  re v ie w  o f  r e c e n t  d e v e lo p m e n ts .  M a te r ia l s
P e r fo rm a n c e , V o l .13 , p . 9 (1 9 7 4 ).
STEIGERWALD, R .F . ,  DUNDAS, H . J . ,  REDMOND, J .D .  and  DAVISON, R.M. The
p h y s i c a l  m e ta l lu r g y  o f  Fe-Cr-M o f e r r i t i c  s t a i n l e s s  s t e e l s .  In  
" S t a i n l e s s  S t e e l  '7 7  ' , C lim ax  M olybdenum Sym posium , London, 
2 977 , p . 57
SUMMING, U. and SCHULTZE, J.W . A se m i- c o n d u c to r  m odel o f  t h e  p a s s iv e
l a y e r  on i r o n  e le c t r o d e s  and  i t s  a p p l i c a t i o n  t o  e le c t r o c h e m ic a l  
r e a c t i o n s .  C le c tro c h im ic a  A c ta ,  V o l .2 4 , p . 859 (2 9 7 9 ).
STREICHER, M.A. P i t t i n g  c o r r o s io n  o f  IBCr-BN i s t a i n l e s s  s t e e l .  
C o r r o s io n ,  V o l .10 3 , p . 375 (1 9 5 6 ).
STREICHER, M.A. C o r ro s io n  o f  s t a i n l e s s  s t e e l s  i n  b o i l i n g  a c id s  and i t s  
s u p p r e s s io n  by f e r r i c  s a l t s .  C o r r o s io n ,  V o l .1 4 , p .5 9 t  (1 9 5 8 ) .
STREICHER, M.A. D evelopm ent o f  p i t t i n g  r e s i s t a n t  Fe-Cr-M o a l l o y s .  
C o r r o s io n ,  V o l .30, p . 77 (1 9 7 4 ).
STREICHER, M.A. S t a i n l e s s  S t e e l s  : P a s t ,  P r e s e n t  and  F u t u r e .  In
" S t a i n l e s s  S t e e l  '7 7 " .  C lim ax M olybdenum Sym posium, London,
1 977 , p . l .
SZKLARSKA -  SMIALOWSKA, Z . Review o f  l i t e r a t u r e  on p i t t i n g  c o r r o s io n  
p u b l i s h e d  s in c e  1960 . C o r r o s io n ,  V o l .2 7 , p . 223 (1 9 7 2 ).
TETELMAN, A .S . and  McEVILY, A .J .  " F r a c tu r e  o f  S t r u c t u r a l  m a t e r i a l s . "  
W iley  and  S o n s , 1 967 , p . 509.
THIELSCH, H. P h y s ic a l  and w e ld in g  m e ta l lu r g y  o f  chrom ium  s t a i n l e s s  
s t e e l s .  W eld ing  J .  (R es. S u p p le m e n t) ,  V o l .3 0 , p .2 0 9 s
THOMPSON, A.W. and  BERNSTEIN, I .M . The r o l e  o f  m e ta l u r g i c a l  v a r i a b l e s  
i n  hy d ro g en  -  a s s i s t e d  e n v iro n m e n ta l  f r a c t u r e .  I n  "A dvances 
i n  C o r ro s io n  S c ie n c e  and T e c h n o lo g y " , V o l .7 , F o n ta n a  and 
S t a c h le  ( E d i t o r s ) ,  1979 , p . 53.
TltUH, E .E . ( E d i t o r ) ,  " l iw  Honk o f  S t a i n l e s s  S t e e l s " .  A m erican  S oc. 
M e ta l s ,  1935 .
T0MASH0V, N .D ., CICRN0VA, G.P. and MARC0VA, 0 .N , E f f e c t  o f  su p p le m e n ta ry  
a l l o y in g  elem ents} on p i t t i n g  c o r r o s io n  s u s c e p t i b i l i t y  o f  
18C r-14N i s t a i n l e s s  s t o o l .  C o r r o s io n ,  V o l .2 0 , p .  1 6 6 t (1 9 6 4 ).
TRUMAN, J . E .  U n p u b lish e d  d a t a .  n r o w n - F ir t l i  R tusparch L a b o r a to r i e s ,  1953 .
SNAPE, E . E f f e c t  o f  n i c k e l  on th e  s t r u c t u r e  and  p r o p e r t i e s  o f  w rought 
and  c a s t  s t a i n l e s s  s t e e l s .  I n  "Handbook o f  S t a i n l e s s  S t e e l s " ,  
M cG raw -H ill, P e c k n e i , 0 .  and  B e r n s t e i n ,  I .M . ,  E d i t o r s ,  1977.
STE1GERWALD, R .F . New molybdenum s t a i n l e s s  s t e e l s  f o r  c o r r o s io n  
r e s i s t a n c e :  a re v ie w  o f  r e c e n t  d e v e lo p m e n ts .  M a te r ia l s
P e r fo rm a n c e , V o l.1 3 , p . 9 (1 9 7 4 ).
STEIGERWALD, R .F . ,  DUNDAS, H . J . ,  REDMOND, J .D . and DAVISON, R.M. The
p h y s i c a l  m e ta l lu r g y  o f  Fe-Cr-M o f e r r i t i c  s t a i n l e s s  s t e e l s .  Ir. 
" S t a i n l e s s  S t e e l  177  ' , C lim ax  M olybdenum Sym posium , L ondon , 
1 9 7 7 , p . 57
SUMMING, U . and SCHULTZ!, J.W . A s e m i- c o n d u c to r  m odel o f  t h e  p a s s iv e  
l a y e r  on i r o n  e l e c t r o d e s  and  i t s  a p p l i c a t i o n  t o  e le c t r o c h e m ic a l  
r e a c t i o n s .  E le c tr o c h im ic a  A c ta ,  V o l .2 4 , p . 859 (1 9 7 9 ) .
5TREICHER, M.A. P i t t i n g  c o r r o s io n  o f  18C r-8N i s t a i n l e s s  s t e e l .  
C o r r o s io n ,  V o l .103 , p . 375 (1 9 5 6 ) .
STRETCHER, M.A. C o r ro s io n  o f  s t a i n l e s s  s t e e l s  i n  b o i l i n g  a c id s  and i t s  
s u p p r e s s io n  by f e r r i c  s a l t s .  C o r r o s io n ,  V o l .1 4 , p .5 9 t  (1 9 5 8 ).
STRETCHER, M.A. D evelopm ent o f  p i t t i n g  r e s i s t a n t  Fe-C r-M o a l l o y s .  
C o r r o s io n ,  V o l .30 , p . 77 (1 9 7 4 ) .
STRETCHER, M.A. S t a i n l e s s  S t e e l s  : P a s t ,  P r e s e n t  and  F u t u r e .  In
" S t a i n l e s s  S t e e l  ’ 7 7 " , C lim ax Molybdenum Sym posium , London, 
19 7 7 , p . l .
SZKLARSKA -  SMIALGWSKA, Z . Review  o f  l i t e r a t u r e  on p i t t i n g  c o r r o s io n  
p u b l i s h e d  s in c e  1960 . C o r r o s io n ,  V o l .2 7 , p . 223 (1 9 7 1 ).
TETELMAN, A .S . and  McEVILY, A .J .  " F r a c tu r e  o f  S t r u c t u r a l  m a t e r i a l s . "  
W iley  and S o n s , 1967, p . 509 .
THIELSCH, H. P h y s ic a l  and w e ld in g  m e ta l lu r g y  o f  chrom ium  s t a i n l e s s  
s t e e l s .  W eld ing  1 . (R e s . S u p p le m e n t) ,  V o l .3 0 , p .2 0 9 s  
(1 9 5 1 ) .
THOMPSON, A.W. and BERNSTEIN, l .M . The r o l e  o f  m e ta l u r g i c a l  v a r i a b l e s  
i n  h y d ro g en  -  a s s i s t e d  e n v iro n m e n ta l f r a c t u r e .  I n  "A dvances 
i n  C o r ro s io n  S c ie n c e  and  T e c h n o lo g y " , V o l .7 ,  F o n ta n a  and 
S t a e h le  ( E d i t o r s ; ,  1979 , p . 53 .
THUM, E .E . ( E d i t o r ) .  "Thci Book o f  S t a i n l e s s  S t e e l s " .  A m erican  S o c . 
M e ta l s ,  1935 .
TCMASH0V, N .D ., CHERNOVA, G .P . and MARC0VA, O.N. E f f e c t  o f  su p p le m e n ta ry  
a l l o y in g  e le m e n ts  on p i t t i n g  c o r r o s io n  s u s c e p t i b i l i t y  o f  
18C r-14N i s t a i n l e s s  s t e e l . C o r r o s io n ,  V o l .2 0 , p .  1661 (1 9 6 4 ) .
TRUMAN, J .E .  U n p u b lish e d  d a t a .  B ro w n -F ir th  R e se a rc h  L a b o r a to r i e s ,  1953 .
TRUMAN,' J .E .  C o r r o s i o n - r e s i s t i n g  s t e e l s .  M e ta ls  and M a te r i a l s ,  V o l .2 , 
p . 208 (1 9 6 8 ) .
TRUMAN, J .E .  and P1RT, K .R . R e s is t a n c e  t o  o x id a t io n  a t  e le v a te d
t e m p e r a tu re s  o f  a num ber o f  a l J o y  s t e e l s .  B r. C o r r o s , J . ,
V o l .1 1 , p . 188 (1 9 7 6 ).
TRUMAN, J .E .  S t a i n l e s s  S t e e l  I n d . ,  V o l .6 ,  p . 21 (1 9 7 8 ).
TRUMAN, J .E .  and PIRT, K .R. E f f e c t s  o f  v a r io u s  a l lo y in g  a d d i t i o n s  on 
th e  r e s i s t a n c e  t o  o x id a t io n  a t  e l e v a t e d  te m p e r a tu re s  o f  18% 
chromium a u s t e n i t i c  s t e e l .  B r . C o r r o s .  J , ,  V o l .13 , p . 136
(1 9 7 8 ).
U.
UHLIG, H.H. " C o r ro s io n  and  C o r ro s io n  C o n t r o l . "  W iley and S o n s ,
1971, p . 90
W.
WERT, C. D i f f u s io n  and  p r e c i p i t a t i o n  o f  c a rb o n  in  some a l l o y s  o f  i r o n .
J .  M e ta ls ,  T rans-A IM E , J u n e , p . 602  (1 9 9 2 ).
WILDE, B .E . and ARMIJO, J . 5 .  I n f lu e n c e  o f  s i l i c o n  and m anganese  on
c o r r o s io n  b e h a v io u r  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  C o r r o s io n ,  
V o l .24 , p . 393 (1 9 6 8 ) .
WILDE, B .E . and GREENE, N .D . The v a r i a b l e  c o r r o s io n  r e s i s t a n c e  o f  
18Cr-BNi s t a i n l e s s  s t e e l s  : b e h a v io u r  o f  c om m erc ia l a l l o y o .  
C o r r o s io n , V o l .2 5 , p . 300 (1 9 6 9 ) .
WOODHEAD, J .H . and QUARRELL, A .G . "The R o le  o f  C a rb id e s  i n  L o w -a llo y  
C r e e p - r e s i s t i n g  S t e e l s . "  A C lim ax  Molybdenum Co. P u b l i c a t io n ,
WRIGHT, R.N . M e ch a n ica l b e h a v io u r  end  w e l d a b i l i t y  o f  a h ig h  chrom ium  
f e r r i t i c  s t a i n l e s s  s t e e l  a s  a f u n c t i o n  o f  p u r i t y .  W eld ing  J .  
(R es. S u p p le m e n t) , V o l .5 0 , p .4 3 4 a  (1 9 7 1 ).
WYLIE, R.D.. Low c a rb o n  f e r r i t i c  s t a i n l e s s  s t e e l .  U .S. P a te n t  
No. 3023098 , F e b .2 7 , 1962 .
WILLIAMS, R.O. F u r th e r  s t u d i e s  o f  th e  iro n -ch ro m iu m  sy s te m . T ra n s . 
M o to l l.  S o c . AIME, V o l .21 2 , p . 497 (1 9 5 8 ).
A d d it io n a l  R e fe ren c es
HODGES, R .J .  I n t e r g r a n u l a r  c o r r o s io n  i n  h ig h - p u r i t y  f e r r i t i c  s t a i n l e s s  
s t e e l s :  i s o th e r m a l  t im e - te m p e r a tu re  s e n s i t i z a t i o n  m e asu re m en t.
C o r r o s io n ,  V o l .27 , p . 164 (1 9 7 1 ).
STREICHER, M.A. "T heory  and  A p p l ic a t i o n  o f  E v n liiu H o n  T e s ts  f o r  
D e te c t in g  S u s c e p t i b i l i t y  t o  I n to r g r r in u iu r  A tta c k  in  
S t a i n l e s s  S t o o l s  and  R e la te d  A llo y s  -  P rob lem s and 
O p p o r t u n i t i e s " .  ASTM/S1P 6 5 6 , p . 3 (197U ).
THE. EFFECT Of- VAKALSlft ANU OTIC.’ tIFHEMTS OH THE 
HFCHMIICAL AND CuW'j SIW) RESlSiA/lT PROPERTY' OF 
FF.RR1TIC STAtMESS :TU.( j __________________
s  %  0 i; !E v  IM
g :& L . * a  IK %

a'lcy, with or without nioMuc. Anothe- alloy
;  % _  S ?  ; %  r =
g & i _  % S , 5 a
I : %
^ . ^ w . w w  e&aajsrs&waa-
d S t ^ ^ l^ t^ X 'b u t^ n ^ O T O ^ th /p i t t i^ ^ te n -  - ‘• - ^  ^LYBI'i’TO, U.S.A. Prlvf.e eoemm
rzzzzzz-m*.
..................... a
THE EFFECT OF REPLACING MOLYHPEriUM WITH VANADIUM UN THE 
CORROSION RESISTANT PROPERTIES OF STAINLESS STEELS
R .n . D a v ie s ,  C .J .  G ro s s , P . van B i l jo n  and F .P .A . R obinson
D ep artm en t v f  M e ta l lu rg y ,
U n iv e r s i ty  o f  th e  W itw a te r s ra n d ,
I  J a n  Sm uts A venue, Jo h a n n e sb u rg , S o u th  A fr ic a
e lT . c* o f  r e p l a c i n g  molybdenum w ith  vanadium , i.' t h  f u l l y  nn-.l p a r t i a l l y ,  on
• r.n c o r n  lUoii r e s i s t a n t  p r o p e r t i e s  o f  w rough t f e r r i t . c ,  and v.vc « -i,t and  e ast.
r 'a . n i e s o  s t e e l s  i s  exam ined . A il a l lo y : ;  r- s t a in e d  oppi m a te ly  
in.', 'h rc T iiu t w ith  th e  a u s t c n i t i c  a l l o y s  b a re d  on T yp'.r "t:4f an -' , F-G 
r e - , [ - v t . i v e ly .  The f o r r i t i c  a l l o y s  c o n ta in e d  c h ro r  iu .i and  1-4'J- v a n a d iu f ; th e  
•*r« a u s t e n i t i u  a l l o y s  up t o  vanadium  and  2% molybdenum m o t  in  c c . b i -  
r; i t i o n  ; a r . i  th e  c a s t  a u s t e m t i c  a l l o y s  up to  0% vann-iium and 1 . H i r. ly b -  
u e n u i,  r e p .u - a t e ly  and in  c o m b in a t io n . C o r ro s io n  t e s t i n g  in v o lv e d  a n o u :.  
p o m r  ; z a f i jn  in  H-.SO and d e te rm in .,l .io n  o f  th e  p i t t i n g  p o t e n t i a l  in  0 . IN 
N aC l. Vanadium was f j - n d  to  im prove th e  p i t t i n g  r e s i s t a n c e  o f  a l l  a l l e y s  in  
N aC l, and g e n e r a l l y  had a  b e n e f i c i a l  e f f e c t  on  th e  p a s s iv a t io n  c h a r a c t e r ­
i s t i c s  o f  th e  f e r r i t i c  an.; r s u ’.h t  a u s t c n i t i c  a l lo y : ;  in  IL S U ,. The e lem e n t 
i. :d a .j ’ triC T P cial e f f e c t  on p.j:; t y  i n  th e  c a s t  a u s t e n i ^ i c  *nl Toys, a  f a c t  
i.'.-.io ib l'/ rc-1 i t e d  t o  th e  h ig h e r  . in.l n i t r o g e n  l e v e l  and t : ; . • f o rm a tio n  o f
d n t r i - . i - 'n ta l  p r e c i p i t a t i n g  p h a s e s  i u . . , .  c a r b i d e s ) .
M slyhdunura wo:-, found  t o  bp more e f f e c t i v e  th a n  vf id ix i’ on a  v.r i r h :  - f c r -  
weip.nt b i s i s  in  c o n f e r r in g  c o r r o s io n  r c c i s t a , ,
KEVWriRfi;-,
Koiyr-dvnum .x-n lncem en ti vanadium ; f e r r i l  i c ;  n u s te n i* - ic  B ln ;: ' s t e e l : ; ;  
'-o r: c -a o n  p r o p e r t i e s ;  p o t» n tio d y n am ic  t e s t i n g ;  H,SO ; p i t t i n g  v o to n t m l .
I l l . :i, iDUCTION
Mcilvh.i.-i-um h-v; i  v e ry  b e n e f i c i a l  e f f e c t  on th e  c o r r o s io n  r e s i s t a n t  p r o p e r t i e s  
-,! : ;e;u n L e ss  n t e e l a ,  iti p a i t i c u l n r  tiio  r e r i s t a n r p  to  p i t t i n g  c o r r o s io n  and to  
. u lp h u n c  • ic io . T lie re  a r e  s e v e r a l  f a c t o r s  w hich  have  e n co u rag e d  th e  d e v e lo p ­
ment u f  a  lo u .t l  s u b s t i t u t e  f i r  molybdenum, t h e s e  b e in g  t h a t  S o u th  A f r ic a  m ust 
r .p o rt a l l  h e r  r e q u ir e m e n ts  o f  th e  m e ta l ,  th e  im p o rta n ce  o f  th e  m e ta l a s  an 
n I  to y in g  e le m e n t i n  s t a i n l e s s  s t e e l s  and  h i g h - s t r e n g t h ,  low- . lo y  s t e e l s ,  th e  
i i i T i lv  f l u c t u a t i n g  p r i c e  c f  th e  m e ta l ,  and l a s t l y  b u t  p e rh a p s  m ost im p o r ta n t­
ly ,  t h f  abundance  in  S ou th  A f r ic a  o f  th e  m e ta l  vanadium  w hich i s  one  o f  th e  
out. p ro m is in g  s u b s t i t u t e s  f o r  molybdenum.
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The l i t e r i f c u i v  r o n ta i n n  s e v e r a l  r e f e r e n c e s  to  th e  f a c t  t h a t  vanadium  im proves 
th e  p i t t i n g  r t s i s - '. i n c e  o f  s t a i n l e s s  s t ' . - e l s  (Tomashov and  o th e r s ,  1964;
" d i f f e r ,  1970; a l s o  C lim ax Molybdenum, u n p u b lis h e d  d a t a ) ,  p a r t i c u l a r l y  in  th e  
‘•o n c e n tra ^  io n  ra n g e  2-5%. An a d d i t i o n a l  a d v an ta g e  o f  vanadium  in  f e r r i t i c  
s t a i n l e s s  s t e e l s  i s  che im provem ent i t  c o n f e r s  on th e  im p a c t p r o p e r t i e s ,  an 
n .spoc t in  w hich th e s e  s t e e l s  a r e  v e ry  d e f i c i e n t  (A s lu n d , 1977; D av ies  and 
n o b m so n , 19* 2 ).
The o b je c t  o f  th e  p r e s e n t  i n v e s t ig a t io n  was to  exam ine th e  e f f e c t  o f  r e p l a c ­
in g  molybdenum w ith  vanadium , b o th  f u l l y  and p a r t i a l l y ,  on th e  c o r r o s io n  
p r o c e n . in g  o f  f e r r i t i c  and a u a t v n i t i c  s t a i n l e s s  s t e e l s .  P o l a r i z a t i o n  t e s t s  
w ere c o n d u c te d  to  d e te rm in e  th e  r e s i s t a n c e  to  p i t t i n g  in  a  MaCl s o l u t i o n ,  and 
th e  p r a c iv a t io n  c h a r a c t e r i s t i c s  s tu d i e d  in  H S O .. An a l l o y  c o n ta in i n g  18-19% 
chromium was u se d  a s  a  b a se  f o r  a l l o y in g  a d d i t i o n s .
KXPF.MMFIN'fAL PROCEDURES
M nier i a l n . The c o m p o s itio n s  o f  th e  a l l o y s  t e s t e d  a r e  l i s t e d  in  T ab le  The 
w ro u g h t f e r r i t i c  and  a u c t e n i t i c  s t i - i n l e s c  s t e e l s  w ere b o th  p r e p a re d  by vacuum 
in d u c t io n  m e l t in g ,  th e  b a se  c o m p o s itio n  b - 'in g  r e s p e c t iv e ly  a  l o w - i n t e r s t i t i a l
TAPl.i: 1 Chem ical C om position  o f  th e  18-19% Chromium S t a i n l e s s  
St e e l s  Exam ined in  t i  i s  S tu d y
r l s a i f i c a t i o n
P e c e n to g e s ppm
Vni-.ad i un Molybdenum C arbon N itro g e n
F '. - W t l , l , . n
A i c - e n i t i c  A llo y s  
oy  (Type 1041.)
oy (Type f’F-8>
/'"faq
1  MO a '.* !
300-400
-  Mo <80 J
M inor e lem e n t c o n c e n t r a t io n s  (P, S , S i ,  e t c . )  in  th e  a u s t e n i t i c  
a l l o y s  a r e  a s  r e p o r te d  f o r  t h e  b a se  Type a l l o y s ,  f o r  th e  f e r r i t i c  
a l l o y s  th e  le v e l s  w ere som ew hat lo w e r, v i z .  P = 0.012% , S = 0.008% , 
S i _ 0 .05% .
App. 1 0 .2 , p age J>
e le m e n t IA% chromium u l lo y  and  Type The f e r r i t i c  a l l o y s  w ere  h o t - r o l l ­
ed  'V on !0 1 0 0C to  a  c h ic k n e s s  o f  12mm b e fo r e  b e in g  a n n e a le d  a t  S.?6-S7fj°C f o r
• in  n in u te S ,  and w a te r  qu en ch ed , w h ile  th e  w rough t a u c t e n i t i c  a l l o y s  w ere h o t -  
r o l l e d  from  IZOfi'C to  a th ic k n e n a  o f  12mm, fo llo w e d  by a s o lu t io n  tr e a tm e n t  
-•it in ^ o c‘C f o r  TO m in u te s  and w a te r  q u e n ch in g  A Type CF-8 a l l o y  (19% Cr -  
11% t u ;  was used  a s  th e  b a se  c o m p o s itio n  f o r  th e  c a s t  a u s t e n i t i c  a l l o y s  and 
p r e p a r a t i o n  in v o lv e d  a rg o n  in d u c tio n  m e lt in g ,  c a s t i n g  and a s o lu t io n  t r e a t ­
m ent a t  1 0 5 C T  fo r  2 hours, fo llo w e d  by w a te r  q u e n ch in g .
P i t t i n g  T e a t s . D e te rm in a tio n  o f  th e  p i t t i n g  p o t e n t i a l  in v o lv e d  a n o d ic  p o l a r ­
i s a t i o n  in  a d e a e ra te d  0 . IN NaCl s o lu t io n  a t  a  te m p e r a tu re  o f  30°C . The sam­
p le  wn.j a llo w e d  to  s t a b i l i z e  f o r  one h o u r  in  th e  NaCl s o lu t io n  b e fo r e  commen- 
.- ing  a t  a  s c a n n in g  r a t e  o f  PhD y v /s  from  th e  f r e e  c o r r o s io n  p o t e n t i a l .  The 
a c tu a l  p i t t i n g  p o t e n t i a l  was ta k e n  a t  a  v a lu e  c u r r e s p o n l in g  to  a  c u r r e n t  
d e n s i ty  o f  10 nA /cm ", a s  su g g e s te d  by Truman (1 9 7 8 ).
P-isisivj t i i  i T e - .ts . P a s s iv a t io n  c h a r a c t e r i s t i c s  w ere d e te rm in e d  u s in g  a c c e p t ­
ed  p o te n tio d y n a m ic  t e s t i n g  p r o c e d u re s  in v o lv in g  p o l a r i z a t i o n  in  d e a e ra te d  IN 
H ( f o r  th e  f e r r i t i c  and w rough t a u s t e n i t i c  a l l o y s )  and 2N H^SO. ( f o r  th e  
v . - i s '/ . iu s t i - c i t ic  a l l o y s ) .  The onmo s i z e  sam p les and p r e p a r a t i o n  "and r u n n in g  
p r o c e d u re s  a s  f o r  th e  d e te r m in a t io n  o f  th e  p i t t i n g  p o t e n t i a l s  w ore fo llo w ed  
w irh  th e  e x c e p tio n  t h a t  c a t h o l i c  a c t i v a t i o n  was c a r r i e d  o u t  b e fo r e  a n o d ic  
p o i a r i z a t i o n .  In  th e  c a s e  o f  th e  w rough t a l l o y s  th e  sam p les  w ere e a th o d ic -  
,i 1 iv  r i r t iv n to d  a t  -o ff )  raV ( v e r s u s  th e  SCE) b e fo r e  th e  s t a b i l i z a t i o n  p e r io d ,  
w hereas f o r  th e  c a s t  a l l o y s  t h e  p o l a r i z a t i o n  ru n  wau commenced a t  V)0 mV 
belaw  th e  f r e e  - .'o r ro s io n  p o t e n t i a l .
V ffiLTS AND D IS T lt'oh 'fl
The d . i 'a  L a"a i r e d  f o r  th r e e  n v l r c t o d  p o in t r  on th e  a n o d ic  p o l a r i z a t i o n  c u rv e  
in  if ^ and : o r  th e  p i t V r g  p o t . - n t f a l  an N aC l, a r e  g iv e n  in  T ab le  ? .  P l o t s  
^ y -rcn - 'ie , m t v  t .ren d r  from  *h-1 d o a  a rc  sd.uwn in  P igiirc-s 1 and ? .
P i t 4-]iia  her.n lt-'i. E x am in atio n  o f  T a td -  uhows t h a t  vanadium  i r v r e a s e  s  n ig m -  
f .v -i iT .ty  th e  p i t t i n g  p -V c n tia i .  in  th u s  c o n f ir m in g  m  d r '  a i l  th e  r e s u l t s
r e p o r te d  by o tn e r  w o rk e rs . The p i t t i n j ;  p o t e n t i a l  i - c r c a s e d  c o n tin u o u s ly  in  
th e  n u t s t r n i t i c  a l l o y s  u s  t h e  vanadiuir, l e v e l  war, r a i s e d  above th e  b a se  a l l o y  
- ."onpvsii.im . A lthough  n b ic e  a l l o y  was n o t  e x a n in ta  in  th e  c a s e  o f  th e  
i i - r n t i v  n l l o v a ,  th e  same t r e n d  in  e n v is a g e d . A co m p ariso n  w ith  t h e  b a s ic  
. u j t e r . i t i ' 4 a l l o y s  c o n ta in in g  molybdenum showed t h a t  t h i s  e le m e n t was more 
b e r .M ic ia l  th a n  vanadium  on a  w e ig h t- f o r -w e ig h t  b a s i s  hy a  f a c t o r  o f  a b o u t 
tw o. A c o m p a n io n  o f  th e  v u n a d iu m -b c a rin g  f e r r i t i c  a l l o y s  w ith  Type 44... 
a t a in l o a u  tn .u n l , an  18% C r -  2% Mo - T i  s t a b i l i z e d  a l l o y  w ith  an  i n t e r s t i ­
t i a l  olem onr l e v e l  a b o u t 2 -  1 tim e s  t h a t  r e p o r te d  f o r  th e  ' " e r r i t i c  a l l o y s  
h-'r-.f, a  1 no showed molybdenum to  be more e f f e c t i v e  th a n  vanad ium . SEM exam in­
a t io n  o f  thp a l l o y o ,  com bined w ith  KDX a n a ly s i s ,  showed ih . i t  p i t t i n g  was 
i n i t i a t e d  a t  i n c lu s io n ';  su c h  an s i l i c a t e s ,  o x id e s  and s u lp h i d e s .
The c o m b in a t io n  v , vanadium  w ith  molybdenum a l s o  had a  b e n e f i c i a l  e f f e c t  on 
th e  p i t t i n g  p o t e n t i a l  in  th e  c a n t  a u s t e n i t i c  a l l o y s ,  in  p a r t i c u l a r  when com­
b in e d  in  th e  p r o p o r t io n  2.7%  vanadium  and 1.4%  molybdenum. The a l l o y  w ith  
th in  c o m b in a t io n  had a  p i t t i n g  p o te n t i a l  a lm o s t a s  h ig h  a s  th e  6% vanadium  
a l lo y ,  a g a in  show ing  th e  g r e a t e r  e f f e c t ,  o f  molybdenum.
P a s s iv a t io n  R e s u l t s . The a n o d ic  p o l a r i z a t i o n  r e s u l t s  c b tu i .K  : i n  H .SO . f o r  
"the w rough t v a n a d iu m -b e a r in g  f e r r i t i c  nnti a u s t e n i t i c  a l l o y s  d i f f e r  s i g n i f i c ­
a n t ly  i>oni th o s e  o b ta in e d  f o r  th e  c a s t  a u s t e n i t i c  a l l o y s .  W hereas vanadium  
had a  g e n e r a l l y  b e n e f i c i a l  e f f e c t  in  p ro m o tin g  p a s s i v i t y  in  th e  w rought
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a l l o y s .  I t  was d e t r i m e n t a l  in  th e  c a s t  m a t e r i a l s .  Tne mutit n o t ic e a b le  e f f e c t  
o f  vanadium  in  th e  f e r r i t i c  and w rought a u s t e n i t i c  a l l o y s  wus in  r e d u c in g  th e  
c r i t i c a l  d e n s i ty  and p o t e n t i a l  f o r  p r im a ry  p a s s iv a t io n  ( F ig .  1 ) .  On b a la n c e , 
th e  e f f e c t  on th e  p a s s iv e  r e g io n  was b e n e f i c i a l  ( i . e .  th e  p a s s iv e  p o t e n t i a l  
ran g e  was e x ten d e d  end th e  p a s s iv e  c u rre n t ,  d e n s i ty  lo w e re d ) ,  e x c e p t  in  th e  
f e r r i t i c  a l l o y s  w here vanadium  a p p ea re d  to  low er th e  breakdow n p o t e n t i a l .
T h is  t r e n d ,  a s  shewn in  F ig . 1 , i o  due t o  i n c i p i e n t  b reakaw ay o f  t h e  t r a n s -
TABLE A nodic P o l a r i z a t i o n R e s u lts ila C l, a t  3C
A llo y g £p g "
FM BITIC ALLOYS (IN H_SOv'
Type 4 « ' 18766 - 4 U
\ f i  V 19549
4 V 10351 -4 -1 -2 9 2 4451 ♦ 504
vMOdHHT AUSTENITIC ALLOYS (IN H„3V
Baue a l l o y  lu lO -9 2
4 V 1030
Mo 06 4-820 4281
■-AST AUCTKNITIC ALLOYS 12N H „S 0.)
Race a l l o y  45
f.TV-Mo 17 -6 6 +349
" R e fer to F ig . 1 f o r  a b b r e v ia t i o n s .  I in  pA/cm’? , E in  tnV.
*° a p i t t i n g  p o t e n t i a l  (mV! in  0 . IN NaCl.
The p o t e n t i a l s  r e p o r te d  a r e  " ° i a t i v e  t o  th e  S ta n d a rd  Calom el 
E le c t r o d e ,  w ith  e a c h  r e s u l t  b e in g  th e  a v e ra g e  o f  1 -4  d e te r m in a t io n s .
A b a s i c ,  ■/ w - i n t e r s t i t i a l ,  18% c h ’-omium f e r r i t i c  a l l o y  w ith o u t  vanadium  was 
n o t  r-xomincd in  t h i s  s tu d y  b u t  co m p ariso n  o f  th e  c r i t i c a l  c u r r e n t  d e n s i ty  
w ith  p e n u l t s  f o r  Type 430 and o th e r  18% liroinium a l l o y s  ( F ig .  2) show s t h a t  
vanadium  i a  in  f a c t  d e t r i m e n t a l  up t o  a  c o n c e n t ra t io n  o f  s e v e r a l  p e r c e n t .  An 
in c ro n c n  in  vanadium  beyond th e  1% l e v e l ,  how ever, was found  to  oe b e n e f i c i a l  
in  r e d u c in g  th e  c r i t i c a l  c u r r e n t  d e n s i ty .
A c o m p ariso n  o f  th e  va nadium - and m o lybdenum -bearing  w ro u g h t a u s t e n i t i c  
a l l o y s  show s t h a t  molybdenum was in  moat c a s e s  more b e n e f i c i a l  th a n  vanadium , 
e s p e c i a l l y  in  r e d u c in g  th e  c r i t i c a l  c u r r e n t  d e n s i ty  ( F ig .  2) Molybdenum, 
'v w ev p r, was n o t  a s  e f f e c t i v e  a s  vanadium  in  r e d u c in g  th e  c  .  i c a l  p o t e n t i a l  
-o r  p r im a ry  p a s s iv a t io n .
The e f f e c t  o f  vanadium  in  th e  c a s t  a u s t e n i t i c  a l l o y s  was to  in c re a s e  th e
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c t i t r ic Q ]  c u r r e n t  d y a s i t y  U'U}- 2) and  t o  c o n t r a c t  piA «jn ti> \l r a n g e  o£ th e  
p a s s iv e  r e g io n  vtnd move i t  t o  h iq h o r  c u r r e n t  v a l u e r . A:; via'; th e  e a s e  f o r  tlu
t ' " r r i t ) f ;  a l . lo y s , v^nddium  i n  th o  c a c t  a l l o y s  d o c rc a u c J  i'h*> bz'-'t-kdown p o te n t i a l  
in  Tho d e t r i m e n t a l  e f f e c t  o f  vanadium  ir . eho c a s t  a l l o y s  may bu due
t o  tf ie  h iq h  c a rb o n  la v  s i  o f  550pjsn ( r i i l a t i v c  t o  t h e  w rought a u s t e n i t i c  a l lo y s )  
c .m sitiy  t h e  p r e c i p i t a t i o n  o f  uc-rne h a rm iu l  p h a s e ,  such  a s  a c a r b id e .  Ttimashov 
and o th e r s  ( l 'J6 4 ) , ho w ev e r, found  vanadium  to  bo b e n e f i c i a l  w ith  a c a rb o n  
b-.'f 'J  o f  IbOppm. I t  i s  i- o s s tb lo  t h a t  t h e  fo rm a tio n  o f  f e r r i t e  i n  th e  c a r t  
•ili-.y :- 1:1 c o t i t r ib u t i n t j  i n  r.om«! way to  th e  p o o r e r  p a s s iv a t io n  c h a r a c t e r i s t i c s  
show n, a l th o u g h  t h i s  i s  n o t  t i n  e n sn  f o r  th o  w ro u g h t a u f itG j iiti c  a l l o y s  w hich 
ihow  .i lu m i ld i  in c ie a a e  i n  I 'o r r i t o  phayo w it l i  i n v r c a s m y  vanadium  c o n tn n r .  
MiuiupLobi.* a n a ly s i s  h a s  c o n firm e d  th e  r i 'n u t to  o f  p r e v io u s  wotK (fo r lio s -Jo n o :: 
an.I K .iin , Dundsi- and  /iond , lO /tii '• h a t  f u i r r i t e  i s  G ixrichod in  chrr.iainin,
::;.'l/h-l.-num .ind vanadium  - la t iv i*  L.j rh  '  a u s t c n i to .
A.i ir ,p u r l,in  I- d i f f o r c n c p  bvtw cc'n troi^bdomjui and vanad ium  a s  a l l o y in g  ulvm untc  
m  th . i t  inulybdvnum u c c u r s  l a r y l y  in  s 'u i id  s o l u t i o n  wU'iroar. v .nw dtura w cu rm  
bcU i in  : ;o l id  l i r l u t i o n  and <u> u r n - r . i .p i ta t c  (inmco th e  i.'&u u i vanadium  a s  a  
, : t  = iia .- .> r t y  -'.-ilund, 1077! . Morv rv fio a rc h  i s  noudt-ti on ^hc: n a i.u rc  o t  p z t—
: iv  i f .; : -l! ; h .i'-c:' ,v . r c l a i  u 1 ' t li- '••tn id iun i .'mu c a rb c n  a r  '  n i t r o g e n  lv v : l ' i  
- u  . ' i . i r  i f y  t in 1 n - b u l t s  i n  t h  ■ v i:.‘ i ■.i.iv  u t i i i n i t  i-& o te o ln .
V.Mo ■ beneficial 
■detrimental
NoS'
s
g V.Mo
§
V.Mo\ .«
h
CURRENT DENSITY ( ! )
I'iE" 1. H ffo c t o f  v w u h u jti  iunl inolyhd"num on th o  p a a u 'i -  
v a t io n  c t ia f - ic to r in t . io a  o f  w rough t f o r r i t i c  nnd 
a u s t e n i t i c  iV n in lp a :)  G ti'o ]-i in  IN iloS0 ( f m n  
t! i(o  s t u d y ) , *"
cp - f i t i . m l  va ln ,;u  f o r  p r im a ry  p n s iU v n tio n ;
P • p r im a ry  v o lu c :: f o r  p a i iu iv o tio n ;
1) - breakdow n vr.Uuyt;.
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CONCLUSIONS
'Vanadium ia ' found to  im prove th e  p i t t i n g  r e s i s t a n c e  o f  i 'c r r i t : i c  and a u a te n -  
i t i c -  s t a i n l e s s  s t e e l s  in  N aC l, and th e  p a s s iv a t io n  c h a r a c t e r i s t i c s  in  g e n e r a l  
o f  th e  w rough t f c r r i t i c  and  a u s t e n i t i c  a l l o y s  in  tl^SO^. The e le m e n t h a s  a 
d e t r i m e n t a l  E 't tu c t  on p a s s i v i t y  i n  H^SO. i n  th e  c a s t  a l lo y u  p o s s ib l y  due to  
t.Uk‘ h iq h  c a rb o n  and  n i t r o g e n  l e v e l  w fiich i s  IcacU ng tci th e  f o rm a tio n  oE harm ­
f u l  p r u v i p i t a t i n q  p h a s e s .  More roD uarch  i s  nettdetd to  c l a r i f y  t h i s  p o in t.
\ ^ T y p e 4 3 0
2 3 t  5
/  or M o!% )
K it;. ? ,  E f f e c t  o f  vanadium  and molybdenum on th e  c r i t i c a l  
c u r r e n t  d e n s i  t y  ( I c p )  f o r  28-19% chromiurn s t a i n l e s s  
s t e e l s  i n  IN (2N H^SO^ f o r  c a s t  a l l o y s ) .
(w) = w rough t a l l o y s ;  ( c )  -  C a s t  a l l o y .
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NEW A PPA R T U 5 FO R  PR E PA R IN G  U -BEND SPECIMENS
R .D . DAVIES, D e p a rtm e n t o f  M e ta llu rg y , U n iv e rsity  o f  th e  W itw ate rsrand ,
I 3an Sm uts  A venue, Jo h a n n esb u rg , S outh  A fr ic a .
M any d if f e r e n t  ty p e s  o f  a p p a ra tu s  have  been  used  by re se a rc h  w orkers 
to  p re p a re  U -bend  sp e c im en s  f o r  s tre s s -c o rro s io n  c ra ck in g  e x p e r im e n ts .
M ost o f  th e se , a lth o u g h  s im p le  in  d esign , a re  n o t ve ry  v e rsa tile  and 
u su a lly  c an  on ly  bend  m a te r ia l  o f  lim ite d  d im ensions th ro u g h  a c e r ta in  
f ix e d  d ia m e te r  a n d  a t  a  r a te  depend ing  on th e  p e rso n  doing  th e  bending.
T he p re se n t a r t i c le  d e sc r ib e s  an  a p p a ra tu s  th a t  is  v e rs a t i le  in th a t  
sp e c im e n s  v a ry in g  w idely  in  s iz e  c an  b e  b e n t th ro u g h  va rious d ia m e te rs  
and  a t  a  c o n s ta n t  and rep ro d u c ib le  r a t e  by th e  u se  o f  a  hy d rau lic  p ress , 
in  a d d it io n ,th e  a p p a ra tu s  c an  be used  fo r bending sp e cim en s th rough  very  
sm a ll d ia m e te r s  as m ay  b e  req u ire d  fo r  th e  S tra u ss  in te rg ra n u la r  co rro sion
T h e  a p p a ra tu s  is show n  in  th e  acc o m p an y in g  p h o tog rapn . A s c an  b e  se en , 
th e  ro lle rs  (A) c a n  b e  a d ju s te d  la te ra lly  to  ta k e  m a te r ia l o f  d if f e re n t  
T hickness, a s  w e ll as bend ing  rods (B) of v a ry ing  d ia m e te r .  In o p e ra tio n , 
th e  sp e c im en  to  b e  b e n t is p la ce d  sq u a re ly  on th e  ro lle rs , th e  rod  a round  
w h ich  th e  sp e c im en  is to  b e  b e n t  p laced  c e n tra l ly  above, and  a  pusher 
p la te  (C) p la ce d  v e r tic a lly  on to p  of th e  rod . T he ra m  fro m  a  hyd rau lic  
p re s s  pushes dow n on th e  p ushe r p la te ,  th u s  c au s in g  th e  sp e c im en  to  
b e  b e n t-  By u sing  an  a u to m a t ic  p ress  th e  c o n d itio n s  u nder w hich 
sp e c im en s  a re  b e n t c an  b e  c o n tro l le d  fa ir ly  c lo se ly , a  f a c t  w hich reduces 
th e  n u m b e r of v a ria b le s  to  b e  a c c o u n te d  fo r  in c o n sid e rin g  th e  p rec ision  
o f  th e  tim e  o b ta in ed  in th e  su b se q u en t s tr e ss -c o rro s io n  c ra ck in g  e x p e r im e n ts . 
In th e  c a se  o f  v e ry  e la s t ic  m a te r ia l w ith  c o n s id e ra b le  sp ringback , a 
v e r t ic a l  s lo t c an  b e  c u t  o u t o f  th e  e n d  o f  th e  pusher p la te  w h ere  it  
re s t s  on th e  p ushe r rod  th u s  e n ab lin g  a  bo lt to  b e  In se r te d  to  hold 
th e  b e n t s id e s  o f  th e  sp e c im en  to g e th e r .
In a d d itio n  to  producing  m o re re p ro c lu f lb lo i s su lt s ,  th e  a p p a ra tu s  can  
b e  u se d  fo r  bending  sp e cim en s th ro u g h  ve ry  sm a ll d ia m e te r s . The au th o r  
has  successfu lly  b e n t sperim-M .s th rough  d ia m e te r s  o f  2 -3m m  for the  
S tra u ss  in te rg ra n u la r  c o rro sio n  te s t  (see  pho tog raph ). In th is  c a se  th e  
p ushe r p la te  m u st b e  na rro w  enough  to  allow  th e  s id e s  o l th e  specim en  
to  b e  b ro u g h t p a ra lle l.
App. 1 0 .3 .  page 2
In c o n s tru c tin g  th is  a p p a ra tu s , th e  s iz e  o i th e  c o m p o n en ts  w ill depend 
on th e  g e n e ra l ran g e  of sp e c im en  s iz es  to  b e  e x p e c te d  in th e  p rep a ra tio n  
of U -bend  sp e c im en s . I t is su g g e s te d  th a t  th e  a p p a ra tu s  d e sc r ib e d  in 
th is  p a p e r  be c o n s id e re d  as a  s ta n d a rd  fo r  p rep a rin g  U -bend  specim ens 
fo r s tr e s s -c o r ro s io n  c ra ck in g  e x p e r im e n ts  in o rd e r  to  o b ta in  m ore  
rep ro d u c ib le  re su l ts .
A p p aratu s fc r  p rep a rin g  U -bcnd  sp e c im en s . A = a d ju s ta b le  ro lle r  
B and  C  = pusher rod  and  p la te  r e sp e c t iv e ly .
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